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“A veces sentimos que lo que hacemos es tan solo una gota en el mar, 
pero el mar sería menos si le faltara una gota.” 
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ARE: Elemento de respuesta antioxidante 
ATP: Adenosín trifosfato 
BMI: Índice de masa corporal 
CAT: Catalasa 
DMPS: Dimetilpolisiloxano 
gp91phox: Citocromo b-245, polipéptido beta 
GPX: Glutatión peroxidasa 
GSH: Glutatión reducido 
GSR: Glutatión reductasa 
GSSG: Glutatión oxidado  
GSTP1: Glutatión-S-transferasa-1 
H2O2: Peróxido de hidrógeno 
HDL: Lipoproteínas de alta densidad 
ICAM-1: Molécula de adhesión intercelular-1 
IDL: Lipoproteínas de densidad intermedia 
IKK!: Quinasa de la familia IKK 
IKK": Quinasa de la familia IKK 
IL-1": Interleucina 1-beta 
IL-6: Interleucina 6 
IL-8: Interleucina 8 
I!B: Inhibidores de !B 
JNK1: Proteína activadora de mitógenos quinasa 8 
keap-1: Proteína represora-1 asociada a ECH 
LDL: Lipoproteínas de baja densidad 
LPS: Lipopolisacáridos 
MAPK: Quinasas activadas por mitógenos 
MCP-1: Proteína quimiotáctica del monocito-1 




MUFA: Ácidos grasos monoinsaturados 
NADPH: Nicotinamida adenina dinucleótido fosfato 
NF-!B: Factor nuclear potenciador de las cadenas ligeras kappa de las células B 
activadas 
NO: Óxido nítrico 
Nrf2: Factor 2 asociado al factor nuclear eritroide 2  
O2- : Anión superóxido 
OH- : Radical hidroxilo 
p22phox: Citocromo b-245, polipéptido alfa 
p40phox: Factor citosólico 4 de neutrófilos, 40 kDa 
p47phox: Factor citosólico 1 de neutrófilos 
p67phox: Factor citosólico 2 de neutrófilos 
PBMCs: Células mononucleares de sangre periférica 
PCR: Reacción en cadena de la polimerasa 
PUFA: Ácidos grasos poliinsaturados 
ROS: Especies reactivas de oxígeno 
SFA: Ácidos grasos saturados 
SFO: Aceite de girasol 
SOD1: Superóxido dismutasa-1 
SOD2: Superóxido dismutasa-2 
SOP: Mezcla de aceites de semillas (aceite de girasol/aceite de canola) enriquecido con 
compuestos fenólicos obtenidos del residuo de la aceituna tras extraer el aceite de oliva 
-alperujo- 
SOX: Mezcla de aceites de semillas (aceite de girasol/aceite de canola) enriquecido con 
dimetilpolisiloxano como antioxidante 
TNF-!: Factor de necrosis tumoral alfa 
TrxR: Tiorredoxin reductasa 
TXN: Tiorredoxina 
VCAM-1: Molécula de adhesión celular vascular-1 
VLDL: Lipoproteínas de muy baja densidad 
VOO: Aceite de oliva virgen 
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ARE: Antioxidant response element  
ATP: Adenosine triphosphate  
BMI: Body mass index 
CAT: Catalase 
DMPS: Dimethylpolysiloxane  
gp91phox: Cytochrome b-245, beta polypeptide 
GPx: Glutathione peroxidase 
GSH: Glutathoone reduced  
GSR: Glutathione reductase 
GSSG: Glutathione oxidase  
GSTP1: Glutathione-S-transferase-1 
H2O2: Hydrogen peroxide 
HDL: High density lipoproteins 
ICAM-1: Intercellular adhesion molecule-1 
IDL: Intermediate density lipoprotein 
IKK!: Kinase of the IKK family 
IKK": kinase of the IKK family 
IL-1": Interleukin-1 beta 
IL-6: Interleukin 6 
IL-8: Interleukin 8 
I!B: Inhibitor of !B 
JNK1: Mitogen-activated protein kinase 8 
keap-1: kelch-like ECH-associated protein 1 
LDL: Low density lipoprotein 
LPS: Lipopolysaccharide  
MAPK: Mitogen activated protein kinases 
MCP-1: Monocyte chemotactic protein 1 
MIF: Macrophage migration inhibitory factor 
MMP: Matrix metalloproteinases 
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MUFA: Monounsaturated fatty acids 
NADPH: Nicotinamide adenine dinucleotide phosphate 
NF-!B: Nuclear factor kappa-light-chain-enhancer of activated B cells 
NO: Nitric oxide 
Nrf2: Nuclear factor (erythroid-derived 2)-like 2 
O2- : Superoxide anion 
OH- : Hidroxile radical 
p22phox: Cytochrome b-245, alpha polypeptide 
p40phox: Neutrophil cytosolic factor 4, 40kDa 
p47phox: Neutrophil cytosolic factor 1 
p67phox: Neutrophil cytosolic factor 2 
PBMCs: Peripheral blood mononuclear cell  
PCR: Polymerase chain reaction 
PUFA: Polyunsaturated fatty acid 
ROS: Reactive oxygen species 
SFA: Saturated fatty acids 
SFO: Sunflower oil 
SOD1: Superoxide dismutase 1 
SOD2: Superoxide dismutase 2 
SOP: Mix of seed oil (sunflower oil/canola oil), enriched with polyphenols extracted 
from the residue of olive-oil production -alperujo- 
SOX: Mix of seed oil (sunflower oil/canola oil), enriched with dimethylpolysiloxane 
TNF-!: Tumor necrosis factor alpha 
TrxR: Thioredoxin reductase 
TXN: Thioredoxine 
VCAM-1: Vascular cell adhesion protein 1  
VLDL: Very low density lipoprotein 









































Introducción: Los polifenoles son moléculas con capacidad antioxidante, 
antiinflamatoria y antimicrobiana, ampliamente distribuidas en los alimentos como el 
aceite de oliva, el cual tiene diversos usos culinarios incluyendo la elaboración de la 
fritura. En las últimas décadas dicho aceite se ha ido sustituyendo para la fritura por 
aceites de semillas, que cuando son sometidos a altas temperaturas y tiempos 
prolongados de calentamiento, se producen importantes cambios químicos que afectan 
la calidad nutricional y sensorial del alimento y por tanto la salud del consumidor. Las 
personas obesas habitualmente consumen este tipo de alimentos, acentuando el 
desarrollo de un proceso inflamatorio que se relaciona directamente con el estrés 
oxidativo. Ambos procesos, inflamatorio y oxidativo, se acentúan significativamente 
durante el estado postprandial y se atenúan por la presencia de antioxidantes en la dieta.  
 
Objetivo principal: Estudiar el efecto de los compuestos fenólicos presentes en aceites 
sometidos a un proceso estandarizado de fritura, sobre la respuesta inflamatoria 
postprandial mediada por el factor de transcripción NF-!B en células mononucleares de 
sangre periférica (PBMCs) de personas obesas.  
 
Objetivos secundarios: Determinar el efecto de la ingesta de aceites fritos con y sin 
compuestos fenólicos, sobre la respuesta inflamatoria y el estrés oxidativo postprandial 
e identificar la presencia de metabolitos en orina de personas obesas.  
 
Participantes, diseño y metodología: 20 participantes obesos, recibieron 4 desayunos 
mediante un diseño aleatorizado y cruzado. Los desayunos se prepararon con cuatro 
aceites sometidos previamente a 20 ciclos de calentamiento a 180 ºC [aceite de oliva 
virgen (VOO); aceite de girasol (SFO) y dos mezclas de aceites de semillas (aceite de 
girasol/aceite de canola) uno enriquecido con dimetilpolisiloxano como antioxidante 
(SOX) y otro con compuestos fenólicos obtenidos del residuo de la aceituna tras extraer 
el aceite de oliva -alperujo- (SOP)]. Se determinó la concentración de los compuestos 
fenólicos presentes en VOO y SOP, antes y después del calentamiento. Tras 0, 2 y 4 
horas de la ingesta de los desayunos, se tomaron muestras de sangre y orina. Se 
determinó la activación de NF-!B y la concentración de las proteínas I!B-" y Nrf2, así 
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como la expresión de los genes proinflamatorios p65, I!B-", IKK!, IKK", TNF-", IL-
1!, IL-6, MIF, JNK1 e IL-8, y de los genes implicados en el estrés oxidativo gp91phox, 
p22phox, p47phox, p67phox, p40phox, NRF2, SOD1, SOD2, CAT, GSTP1, GSR, TXN, TrxR, 
GPX1 y GPX4 en PBMCs. A nivel plasmático, se determinó la concentración de 
lipopolisacáridos (LPS), ácidos grasos libres y de moléculas IL-6, TNF-!, VCAM-1, 
ICAM-1, MCP-1, MMP9 y sCD40L, así como la actividad enzimática del superóxido 
dismutasa (SOD) y glutatión peroxidasa (GPx) y la concentración de sustratos 
antioxidantes como glutatión reducido (GSH) y glutatión oxidado (GSSG). En muestras 
de orina se analizó el perfil metabolómico. 
 
Resultados: La concentración de los compuestos fenólicos tirosol, luteolina, apigenina, 
ácido p-cumárico y ácido vanilico, se mantuvo en VOO y SOP tras el proceso de 
calentamiento, mientras que la concentración del hidroxitirosol descendió a niveles 
indetectables en VOO y permaneció a niveles muy bajos en SOP. La ingesta de aceites 
fritos con compuestos fenólicos (VOO y SOP), induce una menor activación de NF-"B, 
y un incremento en la concentración citoplasmática de I"B-! en PBMCs, a su vez, 
indujeron un descenso en la concentración plasmática de LPS. En contraste, la ingesta 
de aceites fritos sin compuestos fenólicos induce un incremento de los niveles 
plasmáticos de LPS y una sobreexpresión de los genes proinflamatorios p65, I!B-", 
IKK!, IKK", TNF-", IL-1!, IL-6, MIF y JNK1 tras consumir SFO e IL-1! tras consumir 
SOX. La concentración plasmática postprandial de IL-6, TNF-!, VCAM-1, ICAM-1, 
MCP-1, MMP9 y sCD40L no muestra cambios significativos entre los 4 aceites 
consumidos. La ingesta de aceites fritos con antioxidantes como los compuestos 
fenólicos en VOO y SOP, o como el dimetilpolisiloxano en SOX, induce menores 
niveles postprandiales de la proteína Nrf2 en núcleo de PBMCs. En contraste, tras la 
ingesta del aceite sin antioxidantes (SFO), se induce una mayor expresión de los genes 
de algunas subunidades del complejo NADPH oxidasa (gp91phox, p22phox, p47phox) así 
como de Nrf2, SOD1, CAT, GSTP1, TXN y GSR, así como una reducción de los niveles 
plasmáticos de GSH y de la ratio GSH/GSSG. El perfil metabolómico observado en las 
muestras de orina, tras la ingesta de los cuatro aceites fritos, no mostró cambios en 
respuesta a la presencia de los compuestos fenólicos. Teniendo en cuenta que se 
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identificaron metabolitos relacionados principalmente con la asimilación de lípidos, los 
cuales son sintetizados de manera normal tras una sobrecarga grasa 
 
Conclusión principal: La ingesta de aceites fritos con compuestos fenólicos, induce 
menor respuesta inflamatoria postprandial al inhibir la activación del factor de 
transcripción NF-kB en PBMCs de personas obesas, en comparación a los aceites sin 
compuestos fenólicos.  
 
Conclusiones secundarias: Los aceites fritos que contienen compuestos fenólicos, 
inducen una menor respuesta inflamatoria postprandial, en contraste con los aceites sin 
compuestos fenólicos. El consumo de los aceites fritos que contienen antioxidantes, ya 
sea compuestos fenólicos, y dimetilpolisiloxano, inducen un menor estrés oxidativo 
postprandial, comparado con el aceite frito sin ningún tipo de antioxidantes. La ingesta 
de los aceites fritos con y sin compuestos fenólicos, induce un cambio fisiológico 
normal en respuesta a una sobrecarga grasa, teniendo en cuenta que se identificaron 





















Effect of phenolic compounds present in oils subjected to a standardized frying 






Introduction: The phenolic compounds are molecules with antioxidant capacity, 
antiinflammatory and antimicrobial, widely distributed in the food such as the olive oil, 
which has several culinary uses such as in the frying. However, in the past decades, the 
olive oil has been substituted for the frying process by seed oils, which when are 
subjected to high temperatures and repeated heating cycles, are induced important 
chemical changes that directly affecting the nutritional quality of the final fried food, 
which in turn affects the health of the consumer. Obese people commonly consume 
these foods, and this leads to greater development of an inflammatory process that is 
directly related with oxidative stress. Both process, inflammatory and oxidative, are 
significantly increased during the postprandial state and are attenuated by the presence 
of antioxidants in the diet.  
 
Main objective: To study the effect of the phenolic compounds present in oils 
subjected to a standardized frying process, on the postprandial inflammatory response 
mediated by the transcription factor NF-!B in peripheral blood mononuclear cells 
(PBMCs) from obese persons.   
 
Secondary objectives: To determine the effect of the intake of fried oils with and 
without phenolic compounds, on the inflammatory response and oxidative stress in the 
postprandial state and to identify the presence of metabolites in urine of obese people. 
 
Participants, design and methodology: 20 obese volunteers received four breakfasts 
prepared with four different oils following a randomized, crossover design. The oils, 
previously subjected to a standard frying process (20 heating cycles at 180 °C and 5 
minutes each cycle) were [virgin olive oil (VOO), sunflower oil (SFO) and two 
mixtures of seed oil (sunflower oil/canola oil), one enriched with dimethylpolysiloxane 
(SOD) and the other with polyphenols extracted from the residue of olive-oil production 
-alperujo- (SOP)]. We determined the individual concentration of phenolic compounds 
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in VOO and SOP, before and after the heating process. After 0, 2 and 4 hours of the 
intake of the four breakfasts, samples of blood and urine were taken. We determined the 
activation of NF-!B, the protein concentration of I!B-" and Nrf2, and the expression of 
the genes p65, I!B-", IKK!, IKK", TNF-", IL-1!, IL-6, MIF, JNK1, IL-8, and the genes 
related to oxidative stress gp91phox, p22phox, p47phox, p67phox, p40phox, NRF2, SOD1, 
SOD2, CAT, GSTP1, GSR, TXN, TrxR, GPX1 and GPX4, in PBMCs. In plasma 
samples, we determined the concentration of lipopolysaccharides (LPS), free fatty acids, 
of the molecules IL-6, TNF-", VCAM-1, ICAM-1, MCP-1, MMP9, sCD40L and the 
antioxidant enzymes such as superoxide dismutase (SOD), glutathione peroxidase 
(GPx), and antioxidant substrates as reduced glutathione (GSH) and oxidized 
glutathione (GSSG). In urine samples, we analysed the metabolomic profile. 
 
Results: The phenolic compounds tyrosol, luteolin, apigenin, p-coumaric acid, 
vanillinic acid and the conjugated forms of oleuropein, remained after the heating 
process in VOO and SOP. The concentration of hydroxytyrosol was undetectable after 
the frying process in VOO, but was present, although at a lower concentration in SOP. 
The intake of frying oils with phenolic compounds (VOO and SOP) reduced the NF-!B 
activation, increased the concentration of I!B-" and decreased LPS plasma 
concentration. In contrast, the intake of frying oils without phenolic compounds induced 
the expression of the proinflammatory genes p65, I!B-", IKK!, IKK", TNF-", IL-1!, 
IL-6, MIF and JNK1 after the intake of SFO, and IL-1! after the intake of SOX, and 
increased the LPS plasma concentration after the consumption of SFO and SOX. The 
analysis carried out in plasma to determinate the concentration of IL-6, TNF-", VCAM-
1, ICAM-1, MCP-1, MMP9 y sCD40L, did not show significantly changes between the 
four frying oils. The intake of frying oils with phenolic compounds in VOO and SOP, or 
dimethylpolysiloxane in SOX, induce less concentration of Nrf2 in the nuclear fraction 
of PBMCs. In contrast, the intake of SFO, induces a higher expression of genes in some 
subunits of the complex NADPH oxidase (gp91phox, p22phox, p47phox) and Nrf2, SOD1, 
CAT, GSTP1, TXN y GSR. In plasma, the breakfast prepared with SFO decreases GSH 
levels and the GSH/GSSG ratio.  After ingestion of the four frying oils, the 
metabolomics profile observed in the urine samples shows no changes in response to the 
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presence of phenolic compounds, because the metabolites identified are mainly related 
with the lipid metabolism, which are normally synthetized after a fat overload.  
 
Main conclusion: The intake of oils with phenolic compounds and subjected to a 
standardized frying process, induces a lower postprandial inflammatory response after 
inhibiting the activation of the transcription factor NF-kB in PBMCs of obese people, in 
comparison with frying oils without phenolic compounds.  
 
Secondary conclusions: The intake of frying oils with phenolic compounds, induce 
less postprandial inflammatory response, in contrast to the oils without phenolic 
compounds. The consumption of frying oils with antioxidants, which were either 
phenolic compounds or dimethylpolysiloxane, induce less postprandial oxidative stress, 
compared with the oil without antioxidants. The intake of frying oils, with or without 
phenolic compounds, induces a normal physiological change in response to a fat 






















































La situación postprandial constituye el estado metabólico habitual en el que se 
encuentra el ser humano a lo largo del día, tras producirse una superposición de los 
productos absorbidos en las distintas comidas. En los países occidentales se consumen 
al menos tres comidas al día conteniendo cada una entre un 20 a 70% de grasa, donde el 
valor máximo de triglicéridos se presenta entre las 3-4 horas tras la ingesta y los niveles 
no retornan al estado basal hasta las 8-12 horas. La medida de la respuesta a una 
sobrecarga grasa refleja en cierta forma, la capacidad metabólica de las personas. Por 
tanto, el destino inmediato de la grasa dietética es importante para la salud, debido a que 
el proceso aterogénico ha sido descrito como un fenómeno postprandial, ligado 
principalmente a la lipemia postprandial [1, 2]. 
 
 
1.1 Lipemia postprandial  
 
 
La lipemia postprandial es un fenómeno fisiológico que se produce tras la 
ingesta de una comida rica en grasa, y donde existen modificaciones sucesivas en la 
concentración y composición de lipoproteínas plasmáticas, así como el aumento de las 
concentraciones plasmáticas de triglicéridos [3]. Tras la ingesta de grasa dietética, la 
capacidad de mantener la homeostasis de lípidos depende del flujo de quilomicrones 
intestinales a la circulación y del metabolismo de las lipoproteínas  [4].  
Los quilomicrones son las lipoproteínas sintetizadas por los enterocitos del 
intestino, después de una ingesta de grasa y posteriormente son secretados al torrente 
sanguíneo. Son grandes partículas esféricas que captan desde el intestino delgado, los 
triglicéridos, fosfolípidos, colesterol y proteínas especializadas llamadas 
apolipoproteínas (Apos) [5]. Tras la ingesta de grasa dietética, ésta se mezcla con las 
sales biliares formando una emulsión con los triglicéridos, que son digeridos por las 
lipasas intestinales, cuyo miembro más importante es la lipasa pancreática. Los 




nuevamente a triglicéridos en los enterocitos. Estos triglicéridos son empaquetados con 
pequeñas cantidades de ésteres de colesterol y ApoB48 formando quilomicrones, que 
son secretados a los capilares linfáticos del intestino y subsecuentemente pasan a través 
de los vasos linfáticos mesentéricos al torrente sanguíneo. En los capilares, los 
quilomicrones son reconocidos por la lipoproteína lipasa, mediante la ApoCII, para 
inducir la reducción de los triglicéridos contenidos en los quilomicrones y producir 
ácidos grasos libres, este proceso es conocido como lipólisis. Los ácidos grasos libres 
son absorbidos por el tejido muscular para su oxidación o almacenamiento en los 
adipocitos. Los restos de triglicéridos y apolipoproteínas A y C dan como resultado la 
disminución del tamaño de quilomicrones generando los llamados “quilomicrones 
remanentes”, ricos en ésteres de colesterol y que son aclarados de la circulación 
mediante los receptores de ApoE presentes en el hígado [6]. El contenido de colesterol 
de los quilomicrones y quilomicrones remanentes, incrementa según la carga de 
colesterol en la dieta [7]. Tras su absorción en el hígado, estos suministran colesterol 
para empaquetarlo en lipoproteínas de muy baja densidad (VLDL), las cuales contienen 
estructuralmente ApoB100, CI-III y E para transportar nuevamente triglicéridos. Las 
VLDL también son sometidas a la actividad de la lipoproteína lipasa de los capilares, 
produciendo ácidos grasos y glicerol al fragmentar los triglicéridos ya sea para el 
metabolismo energético de los tejidos, para su depósito en el tejido adiposo, para 
utilizarlo en protección de membranas celulares o en la producción de hormonas. En 
este proceso, las VLDL se reducen a remanentes de VLDL y finalmente a lipoproteínas 
de densidad intermedia (IDL). Las IDL son absorbidas en el hígado mediante los 
receptores para ApoB o ApoE o bien continúan con la hidrólisis de los triglicéridos 
mediante la lipasa hepática para producir lipoproteínas de baja densidad (LDL), las 
cuales son las principales lipoproteínas aterogénicas que contienen ésteres de colesterol 
y pequeñas cantidades de triglicéridos. En la superficie de las LDL se encuentra la 
ApoB100, la cual es el principal ligando para el receptor de las LDL en el hígado [8]. 
Por otro lado, las lipoproteínas de alta densidad (HDL) son lipoproteínas 
antiaterogénicas que transportan cerca de un tercio del colesterol plasmático al hígado 
para su eliminación en la bilis, y están implicadas en el proceso de remoción de los 
excesos de colesterol de los tejidos periféricos [9]. Las HDL se sintetizan en el hígado y 




lípidos y contienen en su estructura ApoA1, ApoAII y fosfolípidos. La acción de las 
HDL se lleva a cabo dentro de las paredes arteriales, donde la ApoA1 interactúa con el 
transportador A1 del caset de unión trifosfato de adenosina. Mediante esta unión se 
elimina el exceso de colesterol almacenado en los macrófagos, los cuales se encuentran 
depositados en la placa de ateroma [10]. Posteriormente, la lecitina-colesterol acil 
transferasa esterifica el colesterol contenido en las HDL, para convertirla a su vez en 
HDL madura, que capta más colesterol libre de los macrófagos. Después, la HDL 
madura regresa a la circulación sanguínea para devolver el colesterol al hígado [11]. Por 




Figura 1. Metabolismo lipídico postprandial. Imagen modificada de 
López-Miranda, J. [7]. 
 
 
Las alteraciones producidas durante el estado postprandial desempeñan un papel 
crucial en el desarrollo y progresión de la enfermedad cardiovascular y aterosclerosis [8, 
12]. La lipemia postprandial inducida por comidas ricas en lípidos genera un estado 
prooxidante y proinflamatorio donde existe un grado de oxidación activo y por lo tanto 
formación de especies reactivas de oxígeno (ROS), que a su vez están relacionadas con 
el proceso inflamatorio postprandial [13]. 
 





















1.2 Proceso inflamatorio 
 
 
La inflamación juega un papel clave en el desarrollo de eventos relacionados con 
la obesidad y la progresión de las enfermedades cardiovasculares [14]. Uno de los 
eventos más importantes desde el punto de vista fisiopatológico es la aterosclerosis, 
caracterizada por el engrosamiento de la íntima debido a la acumulación de lípidos, en 
particular las LDL oxidadas, y la implicación de diversos tipos celulares que alteran la 
matriz extracelular de la pared arterial, que dan lugar a la formación de la placa de 
ateroma [15, 16]. Diversos estudios realizados en humanos y en animales indican que el 
proceso inflamatorio aterosclerótico se inicia con la disfunción endotelial inducida por 
el incremento en los niveles de LDL [17, 18]. 
Cuando existe un exceso de LDL en el torrente sanguíneo se producen 
alteraciones en las propiedades homeostáticas normales del endotelio que disminuyen la 
concentración de óxido nítrico (NO), incrementan la adhesividad de leucocitos o 
plaquetas al endotelio, así como la permeabilidad de LDL que se acumulan en el 
espacio subendotelial [19]. Tras la acumulación de las LDL dentro del espacio 
subendotelial, suceden diversas reacciones como la oxidación, proteólisis y agregación, 
lo que previene su retorno al lumen del vaso, favoreciendo la entrada de monocitos y 
linfocitos T en la pared arterial, así como su acumulación y adherencia. Este proceso 
induce la expresión en el endotelio de moléculas específicas de adhesión tales como la 
selectina E, la molécula de adhesión intracelular-1 (ICAM-1), la molécula de adhesión 
de la célula vascular-1 (VCAM-1), la proteína quimiotáctica del monocito-1 (MCP-1) y 
el factor estimulante de colonias de macrófagos [20, 21].  
Cuando los monocitos y linfocitos T alcanzan la íntima, las LDL oxidadas de 
origen endotelial y otras sustancias asociadas con la aterogénesis, inducen la 
diferenciación de monocitos a macrófagos y su ulterior activación. La captación de 
moléculas LDL oxidadas por parte de macrófagos, mediante receptores “scavenger”, 
originan la acumulación excesiva de colesterol esterificado en las vesículas lipídicas que 
se depositan en el citoplasma, confiriendo al macrófago el aspecto de célula espumosa 
[18]. La presencia masiva de células espumosas en la íntima constituye la primera lesión 




Los macrófagos activos, junto con las células espumosas, secretan una amplia 
variedad de moléculas como factores de crecimiento, moléculas vasoactivas y 
citoquinas como el factor de necrosis tumoral-! (TNF-!) y la interleucina-1 (IL-1), 
además de sustancias quimiotácticas como la MCP-1. Estas moléculas inducen el 
reclutamiento de nuevos monocitos y linfocitos, la migración de células del músculo 
liso de la media hacia la íntima vascular, la síntesis de tejido conectivo y la liberación 
de factores de crecimiento y mediadores inflamatorios. A su vez, los macrófagos activos 
liberan ROS como el peróxido de hidrógeno (H2O2) y anión superóxido (O2-) con gran 
capacidad para oxidar las LDL del vaso [20, 21].  
Debido a la acumulación elevada de macrófagos en la íntima del vaso, se 
produce una erosión en la superficie endotelial causando microulceraciones que permite 
a las plaquetas adherirse a la pared arterial, liberando citoquinas que contribuyen a la 
migración y proliferación de células del músculo liso. Finalmente, la estría grasa se 
transforma en una placa fibrosa que irrumpe en el interior del vaso y que en función del 




1.2.1 Mediadores inflamatorios que intervienen en el proceso aterosclerótico 
 
La respuesta inflamatoria inicial en la aterosclerosis se debe a las modificaciones 
que sufren las LDL, con la subsecuente activación de macrófagos a través de un ruta 
regulada por diversos moduladores como el factor nuclear "B (NF-"B), regulador de la 
expresión de genes de la respuesta inmune innata e inflamatoria [25].  
 
1.2.1.1 Factor de transcripción nuclear !B (NF-!B). El NF-"B se compone de 
homo y heterodímeros de 5 proteínas pertenecientes a la familia Rel dentro de las que se 
incluyen: p65 (Rel A), c-Rel, RelB, NF-"B1 (p50 y su precursor p105) y NF-"B2 (p52 
y su precursor p100). Sin embargo el complejo más común y estudiado es el 
heterodímero p65/p50 conocido comúnmente como NF-"B, el cual se encuentra 
inhibido en el citoplasma por proteínas de la familia I"B, dentro de las cuales están: 
I"B-!, I"B-#, I"B-$, I"B-%, I"B-&, Bcl-3, p105, p100 y MAIL (molecule possessing 
ankyrin-repeats induced by lipopolysaccharide). La interacción mejor caracterizada es la 




de células no estimuladas evita la traslocación del factor de transcripción al núcleo, y 
por lo tanto inhibe la activación de los genes implicados en el proceso inflamatorio [28].  
Son más de 160 los genes regulados por NF-!B, por lo que el número de 
factores implicados en la activación de esta vía es aún más alto. Muchos de los 
inductores de NF-!B y de genes regulados por el mismo, han sido implicados directa o 
indirectamente con aterosclerosis [23, 29].  
Es complejo estudiar las vías de señalización de NF-!B, ya que diversos factores 
extracelulares como estímulos proinflamatorios, estrés oxidativo y genotóxicos, pueden 
activar la célula a través de sus respectivos receptores, resultando en la activación de 
múltiples rutas y cascadas de señalización, que ocasionan la activación de las I!B 
kinasas (IKK). El complejo IKK consta de tres subunidades: las subunidades catalíticas 
IKK" (IKK1) e IKK# (IKK2) y la subunidad reguladora NEMO (IKK$) [28]. 
Las dos rutas de activación de NF-!B más estudiadas son: la activación clásica 
de la ruta canónica de NF-!B y la activación alternativa de NF-!B. En la activación 
clásica, las IKK activadas fosforilan y degradan I!B resultando en su ubiquitinación y 
posterior degradación, lo que conlleva a la liberación de NF-!B. Una vez liberado el 
dímero NF-!B (p65/p50) este migra al núcleo donde activa la expresión de genes 
mediante la unión selectiva a la secuencia consenso GGGRNNYYCC (R=purina; 
Y=pirimidina). Dentro de los genes regulados por este factor se encuentran las 
moléculas de adhesión ICAM-1 y VCAM, citoquinas como TNF-", IL-1#, IL-6, 
quimiocinas como MCP-1 y genes antiapoptóticos, entre otros [22, 23, 28-30]. En 
contraste con la ruta clásica, en la ruta alternativa el dímero relB/p52 no está asociado 
con las proteínas I!B, sin embargo es mantenido en el citoplasma en forma de dímero 
relB/p100. El procesamiento de conversión de p100 a p52 en esta ruta alternativa, es 
dependiente de la señalización de NIK e IKK". De este modo, el dímero relB/p52 se 
trasloca al núcleo donde regulan la expresión de los genes implicados en el proceso 







Figura 2. Rutas de activación de NF-!B. a) ruta clásica o 
canónica  y b) ruta alternativa de activación de NF-!B. 
 
 
Por otro lado, se ha observado que el NF-!B es uno de los factores de 
transcripción que es controlado por la presencia de ROS. Esta evidencia se basa en la 
inhibición de la activación de NF-!B debido a la presencia y sobreexpresión de diversos 
antioxidantes y enzimas antioxidantes. Por lo tanto, la generación de ROS podría ser un 
paso común en todas las rutas de señalización que conducen a la degradación de I!B y 
acumulación nuclear de NF-!B [31]. 
 
1.2.1.2 Moléculas de adhesión VCAM-1 e ICAM-1. Los principales ligandos 
del endotelio son la VCAM-1 y la ICAM-1. Entre sus receptores, las integrinas "L#1 
(VLA-4) y "L#2 (LFA-1), respectivamente, juegan un papel importante en la adhesión 
de leucocitos en el endotelio [32]. La IL-1 y el TNF-" estimulan la expresión 
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una mayor acumulación de monocitos y células del músculo liso [33]. ICAM-1 puede 
ser liberada por el tejido dañado o inflamado como consecuencia de una proteólisis 
inespecífica. Por otra parte, se ha encontrado que VCAM-1 incrementa su expresión tras 
6 a 10 h de la estimulación por citoquinas y el máximo nivel de expresión de ICAM-1 
sucede tras 12 h de la estimulación por citoquinas [34].  
 
1.2.1.3 Quimiocinas. También llamadas quimioquinas, pertenecen a una 
superfamilia de pequeñas proteínas que juegan un papel central en muchos procesos 
homeostáticos y patológicos en el organismo. Basados en su organización genética y la 
posición de las dos cisteínas más cercanas al extremo N-terminal, las quimiocinas 
pueden ser divididas en 4 subgrupos: CC, CXC, XC y CX3C. Los miembros de la 
familia CC agrupan principalmente a monocitos y linfocitos T, mientras que las 
quimiocinas CXC se relacionan con neutrófilos [35].  
En respuesta a factores de crecimiento, citoquinas inflamatorias y condiciones 
fisiopatológicas, las quimiocinas regulan el tráfico de leucocitos y controlan la 
migración de neutrófilos, linfocitos, macrófagos derivados de monocitos, entre otros, 
durante las diferentes fases de la respuesta inflamatoria inmune y adaptativa [36, 37].  
 
Proteína quimiotáctica del monocito-1 (MCP-1). Dentro de la familia CC de 
quimiocinas existen 5 miembros de proteínas quimioatrayentes del monocito que son 
MCP-1 (CCL2), MCP-2 (CCL8), MCP-3 (CCL7), MCP-4 (CCL13) y MCP-5 (CCL12) 
[35]. Diversos agentes que dañan al endotelio causan la secreción de MCP-1 por las 
células endoteliales y células del músculo liso, provocando que los monocitos 
circulantes liguen su receptor 2 de la quimiocina CC (CCR2) con MCP-1. La 
interacción MCP-1/CCR2 induce la migración de monocitos en el endotelio [38]. Los 
monocitos infiltrados dentro del espacio subendotelial se diferencian a macrófagos 
fagocitando LDL oxidadas para posteriormente formar células espumosas y finalmente 
la estría grasa [39].  
 
Interleuquina-8 (IL-8). Pertenece a la familia de quimiocinas CXC y es un factor 
quimiotáctico secretado por monocitos activados y macrófagos que promueven la 
migración direccional de neutrófilos, basófilos y linfocitos T. La expresión de IL-8 




otros [40]. Sus receptores CXCR1 y CXCR2 son expresados en células endoteliales 
microvasculares. CXCR1 se une exclusivamente a IL-8, mientras que CXCR2 se une a 
IL-8 y a otras quimiocinas de tipo CXC [40, 41].    
 
1.2.1.4 Citoquinas proinflamatorias. Son proteínas de bajo peso molecular 
secretadas por células que interactúan mediante la unión a receptores de alta afinidad 
presentes en la superficie de la propia célula productora o en otros tipos celulares. La 
mayoría de las citoquinas son secretadas al espacio extracelular, muchas de ellas en 
forma glicosilada, lo que incrementa su estabilidad y solubilidad. No obstante, algunas 
citoquinas se pueden acumular en el interior de la célula, o bien permanecer ancladas a 
la membrana o a la matriz extracelular. Las citoquinas juegan un papel fundamental en 
la interacción célula-célula, por lo que son factores clave en los procesos 
fisiopatológicos de organismos multicelulares [42].  
Es difícil establecer una clasificación funcional de las citoquinas debido a su alto 
grado de pleiotropismo. Sin embargo pueden clasificarse por sus funciones 
proaterogénicas y antiaterogénicas, basado en sus efectos sobre modelos de ratones 
ateroscleróticos [43]. En este sentido se destacarán algunas citoquinas proaterogénicas. 
 
Factor de necrosis tumoral-! (TNF-!). Fue el primer vínculo encontrado entre la 
inflamación y la obesidad debido a que está sobreexpresado en el tejido adiposo y 
muscular de personas obesas, contribuyendo significativamente al incremento de la 
resistencia a la insulina [44, 45]. El TNF-! ejerce efectos pleiotrópicos sobre varios 
tipos celulares y juega un papel crítico en la patogénesis de enfermedades inflamatorias 
crónicas. Este factor se expresa como una proteína transmembrana en la superficie 
celular, la cual se ensambla como un homotrímero. Los monocitos y los macrófagos son 
los principales productores de TNF-!, pero también puede ser sintetizado por otros tipos 
celulares como los linfocitos T, células natural “killer”, células del músculo liso, 
endoteliales y algunas células tumorales. La expresión del gen TNF-! es regulada a 
nivel transcripcional por varios factores incluyendo el NF-"B y factor nuclear de células 






Interleuquina-6 (IL-6). Es una citoquina multifuncional implicada en la respuesta 
inmune, en la reacción de fase aguda y la hematopoyesis. La IL-6 es inducible por la IL-
1 y consecuentemente sus concentraciones en suero son a menudo un reflejo de la 
actividad de IL-1 in vivo. Además, IL-6 ha sido identificada como un factor de riesgo 
independiente en enfermedades de arterias coronarias [43]. IL-6 está presente en 
cantidades más altas que TNF-! pero igual que éste, se localiza en la transmembrana y 
en forma soluble. Esta citoquina es sintetizada por una amplia variedad de células como 
las células T y B, macrófagos, monocitos activados, neutrófilos, eosinófilos, 
fibroblastos, células endoteliales, adipocitos y otros tipos de células en respuesta a las 
IL-1 y se incrementa en respuesta a TNF-! [47].  
 
Interleuquina-1-! (IL-1!). La familia IL-1 contribuye al desarrollo del daño vascular 
por la estimulación de la proliferación y diferenciación celular, así como la liberación de 
enzimas que degradan la matriz celular [43, 48].  
La citoquina IL-1"  se sintetiza tras la unión de sus receptores IL-1R presentes 
en monocitos y macrófagos, para posteriormente activar la ruta de señalización de NF-
#B, induciendo la sobrerregulación de la transcripción del gen IL-1! y al incremento en 
la producción de proIL-1", la cual mediante proteólisis inducida por la enzima caspasa-
1 la transforma a citoquina activa IL-I" [49, 50]. Esta citoquina es liberada por las 
células para intervenir en el proceso inflamatorio y estimular la producción y liberación 
de proteínas de la fase aguda del hígado, ya sea de forma directa o estimulando la 
liberación de IL-6 en células endoteliales, e incrementando así la producción y 
activación de linfocitos, neutrófilos y plaquetas [50]. 
La citoquina IL-1" tras unirse al receptor IL-1R induce la producción de un 
amplio espectro de citoquinas y quimiocinas así como la expresión de moléculas de 
adhesión sobre las células endoteliales, ocasionando el reclutamiento de células 
involucradas en el proceso inflamatorio [49, 50].  
 
Factor inhibitorio de la migración de macrófagos (MIF). Es una citoquina 
proinflamatoria que juega un papel clave en el desarrollo de enfermedades 
cardiovasculares. Esta citoquina puede ser inducida en células de la pared vascular y 
macrófagos de la íntima por varios estímulos proaterogénicos como las LDL oxidadas 




endotelial (VCAM-1 e ICAM-1) activando directamente la ruta de los receptores de las 
integrinas VLA-4 y LFA-1 respectivamente, e inducir el reclutamiento de células 
mononucleares de sangre periférica (PBMCs). Mediante metaloproteinasas de la matriz 
(MMPs), MIF promueve la degradación de colágeno y elastina, y en última instancia 
conduce a la progresión de las placas ateroscleróticas inestables [51]. Adicionalmente, 
cuando un organismo es estimulado por los lipopolisacáridos (LPS), los macrófagos 
secretan MIF actuando como una clásica citoquina proinflamatoria promoviendo la 
respuesta adaptativa e innata a través de la activación de macrófagos y células T [52, 
53]. 
 
1.2.1.5 Otros factores involucrados en el proceso inflamatorio. Un número 
creciente de estudios apoya fuertemente que la inflamación es inducida por diversos 
factores como los descritos anteriormente, pero incluyendo además a la quinasa c-Jun 
N-terminal (modulador de la expresión génica inflamatoria) y los LPS, entre otros [54-
58]. 
 
Quinasa c-Jun N-terminal (JNK) como activador del proceso inflamatorio. Las 
JNK son miembros de la superfamilia de quinasas activadas por mitógenos (MAPK), de 
las cuales existen 3 isoformas de JNK en humanos, JNK1-3. La JNK1 y 2 se encuentran 
en todo tipo de células y tejidos y ambas han sido implicadas en la intolerancia a la 
glucosa inducida por obesidad, teniendo mayor implicación la JNK1, mientras que 
JNK3 se encuentra principalmente en cerebro [55].  
Diversos estados como la hiperglicemia y el estrés de retículo endoplásmico 
(ambos originan la producción de ROS), factores de crecimiento, citoquinas como el 
TNF-!, entre otros, activan las JNKs mediante la fosforilación dual de las MAPK 
quinasas (MAPKKs) MKK4 y MKK7. Una vez activada la JNK promueve la activación 
de la proteína activadora-1, un factor de transcripción que está implicado en la 
homeostasis del tejido, así como en la proliferación celular, diferenciación, apoptosis y 







Los lipopolisacáridos (LPS) como activadores del proceso inflamatorio. Los LPS 
son componentes de la pared celular de las bacterias gram-negativas y están constituidos 
por lípidos y polisacáridos. Al momento de entrar en el torrente sanguíneo, proceso 
llamado endotoxemia, actúan como activadores de la ruta inflamatoria en PBMCs 
mediante un grupo de receptores de membrana denominados “Toll like receptor”, 
específicamente el “Toll like receptor 4” (TLR4) [54, 57, 59, 60].  
Los LPS contienen patrones moleculares asociados a patógenos que son 
reconocidos por los receptores TLR4 localizados en la membrana de las PBMCs [61]. 
Durante la endotoxemia, los LPS actúan primero con la proteína de unión LPS (LBP), la 
cual purifica los agregados de la endotoxina, catalizando la extracción y transferencia de 
monómeros a CD14, éste transfiere los monómeros a MD-2 y al heterodímero MD-2-
TLR4, formando un complejo terciario (LPS:MD-2:TLR4). Al internalizar las proteínas 
mediante TLR4 se inicia la cascada de señalización que culmina con la traslocación de 
NF-!B al núcleo y la posterior activación de la expresión de genes implicados en el 
proceso inflamatorio [62-64]. De esta forma, los LPS son una fuente potencialmente 
importante implicada en inflamación y por tanto en la incidencia de enfermedades 
cardiovasculares [57, 65, 66]. 
La proporción de bacterias gram-negativas en la flora intestinal es más alta en 
personas obesas que en personas delgadas [67] y una característica de las alteraciones 
dietéticas común en la obesidad es el incremento de grasa, por lo que existen estudios 
que relacionan el alto consumo de grasa dietética con el aumento de LPS a nivel 
plasmático [68, 69]. Este incremento de LPS inducido por comidas altas en grasas es 
debido a la solubilidad lipídica de LPS y su alta afinidad con los quilomicrones 
formados tras la absorción de grasa por el enterocito. Así, los quilomicrones no solo 
transportan grasa postprandial sino también grandes cantidades de LPS que el intestino 
absorbe de forma constante, por lo tanto el incremento en la formación de 
quilomicrones tras la ingesta de dietas ricas en grasas, está directamente relacionado con 
la disponibilidad extrahepática de LPS, aumentando el riesgo de progresión de la 









1.3 Estrés oxidativo  
 
 
El estrés oxidativo es definido como un desequilibrio entre la producción de 
ROS y la capacidad de un sistema biológico de detoxificar rápidamente los reactivos 
intermedios o reparar el daño resultante mediante agentes antioxidantes [70]. En el 
proceso inflamatorio, el estrés oxidativo tiene un papel importante mediado por la 
oxidación de las LDL, las cuales son capaces de estimular la expresión de señales 
proinflamatorias que inducen el reclutamiento de monocitos y su adhesión a la pared 
vascular [71-73].  
Bajo condiciones normales, el flujo de NO generado por la pared vascular, en 
gran medida excede la producción de O2- previniendo la adhesión de leucocitos y 
plaquetas. Por otro lado, un factor de riesgo implicado en el desarrollo de enfermedades 
cardiovasculares, incluyendo la aterosclerosis, conduce a la activación de enzimas como 
la nicotinamida adenina dinucleótido fosfato (NADPH) oxidasa que produce grandes 
cantidades de O2-. El resultado de este desequilibrio NO/O2- promueve entre otras cosas, 
la síntesis de mediadores como IL-8 que activan e inducen la adhesión de leucocitos y 
plaquetas, la activación de factores de transcripción sensibles a la oxidación como NF-
!B, la proliferación de células del músculo liso y la agregación plaquetaria [74].  
 
 
1.3.1 Producción de especies reactivas de oxígeno  
 
Las especies reactivas son átomos o moléculas generadas enzimáticamente o 
mediante reacciones químicas de oxido-reducción y están presentes a bajas 
concentraciones durante el metabolismo celular normal. Se conocen tres familias 
principales de especies reactivas; especies reactivas de nitrógeno, especies reactivas de 
cloruro y las ROS. Dentro de cada una de esas familias existen radicales libres que 
tienen uno o más electrones no apareados y los cuales son altamente reactivos. Los 
radicales libres son producidos en la mitocondria, peroxisomas, lisosomas, retículo 
endoplásmico, membrana plasmática y varios compartimentos celulares a nivel del 
citosol [75].  
Las ROS son las especies reactivas más comunes y relacionadas con la salud 
debido a su estrecha relación con las enfermedades cardiovasculares incluyendo la 




mediadas por enzimas como la xantina oxidasa, ciclooxigenasa, lipooxigenasa y 
NADPH oxidasa son fuente de generación endógena de ROS, las cuales incluyen 
radicales libres como el O2- y radical hidroxilo (OH-) y no radicales como el H2O2  [76].  
El O2- es el principal sustrato implicado en la generación de ROS y en la célula 
se forma por diversos mecanismos. Una parte se origina en la mitocondria donde el 
oxígeno molecular se metaboliza en la cadena respiratoria por la vía tetravalente para la 
obtención de adenosín trifosfato (ATP) y en menor proporción el oxígeno se escapa por 
la vía univalente captando un electrón para convertirse en O2-. Por otro lado, una de las 
respuestas inmediatas de los monocitos a diversos estímulos inflamatorios es la 
producción de O2-, donde el principal responsable de su formación es el complejo 
enzimático NADPH oxidasa [77, 78]. Las ROS pueden también sintetizarse de forma 
exógena en respuesta a factores fisicoquímicos como radiaciones ionizantes, luz UV, 
diversos agentes oxidantes [76] y dietas ricas en grasas [79], entre otros. 
El incremento de ROS puede causar daño a macromoléculas como DNA, 
proteínas y lípidos que conlleva a la muerte celular apoptótica y necrótica. Estas 
modificaciones inducidas por el estrés oxidativo están implicadas en las enfermedades 
cardiovasculares como la diabetes mellitus tipo II [80] y aterosclerosis [72, 73, 81]. 
 
1.3.1.1 Complejo enzimático NADPH oxidasa. La NADPH oxidasa es un 
grupo de proteínas asociadas a la membrana, presentes en una variedad de células de 
origen mesodérmico. La más estudiada es el complejo de la NADPH oxidasa en 
leucocitos, principalmente encontrada en fagocitos y linfocitos B. En condiciones 
normales la NADPH oxidasa está constituida por el citocromo b558 (subunidades 
gp91phox y p22phox) y un complejo citosólico (subunidades p47phox, p67phox, p40phox y 
Rac 1/2) [82]. En presencia de ROS la subunidad p47phox se fosforila y las subunidades 
del complejo cisotólico migran hacia la membrana donde se asocian con el citocromo 
b558 para empezar la oxidación [83] y la producción de O2-, el cual es transportado al 
interior de la célula mediante la proteína gp91phox que actúa como chaperona [78, 80, 








Figura 3. Representación esquemática del complejo enzimático 
NADPH oxidasa. Imagen modificada de Babior, B.M. [84]. 
 
 
En respuesta a diversos estímulos, los monocitos se adhieren a células 
endoteliales activadas en la pared de los vasos sanguíneos y viajan al interior del tejido 
adyacente. Ya dentro del tejido, éstos se diferencian a macrófagos donde una de las 
respuestas inmediatas de los monocitos es la producción de O2-, donde la NADPH 
oxidasa es su principal productor mediante la reducción de un electrón de oxígeno 
usando NADPH como donador de electrones [78, 84]. Este O2- sirve como materia 
prima para la producción de una amplia variedad de oxidantes reactivos, incluidos los 
halógenos oxidados, los radicales libres y el oxígeno singlete. Estos oxidantes son 
utilizados para eliminar a los fagocitos invasores, pero también un exceso de oxidantes 
podría ocasionar daño colateral a los tejidos cercanos, por lo que su producción tiene 
que ser regulada mediante agente antioxidantes [84].  
Por lo tanto, la NADPH oxidasa en células fagocíticas libera O2- como una 
defensa contra patógenos, mientras que en células endoteliales las isoformas de 
NADPH oxidasa generan O2- para modular rutas de señalización redox. Los canales 
anión expresados en las membranas plasmáticas de dichas células, pueden facilitar la 
difusión de O2- provocando una interacción del mismo con el NO, induciendo la 



























Para restringir la potencial toxicidad de las ROS, las células han desarrollado el 
sistema antioxidante endógeno que puede ser dividido en dos : a) sistema no enzimático 
que involucra pequeñas moléculas que contienen grupos tiol, como el glutatión reducido 
(GSH) y la tiorredoxina (Txn), así como otras sustancias implicadas en la remoción de 
ROS como la albúmina, la transferrina, el ácido úrico, la bilirrubina, entre otros y b) 
sistema enzimático que incluye la superóxido dismutasa (SOD), la catalasa (CAT), la 
glutatión peroxidasa (GPx), glutatión-S-transferasa (GST), glutatión reductasa (GSR), 
glutatión sintetasa (GSS), entre otras [76, 86].  
 
 
1.3.2 Sistema de defensa antioxidante  
 
Los antioxidantes son aquellas moléculas que inhiben o retrasan la oxidación de 
un sustrato, y su función es donar un electrón interrumpiendo una secuencia de 
oxidaciones y reducciones provocadas por la presencia de ROS. Para combatir el estrés 
oxidativo y mantener la homeostasis celular, el organismo produce antioxidantes 
endógenos y utiliza antioxidantes exógenos procedentes de la dieta, que funcionan 
sinérgicamente para neutralizar los radicales libres [72]. La inducción de muchos 
antioxidantes endógenos es regulado a nivel transcripcional mediante la activación de la 
ruta de señalización Nrf2-Keap1, la cual controla la expresión de genes de enzimas 
implicadas en la detoxificación y eliminación de ROS [87]. 
 
1.3.2.1 Nrf2 como regulador de la respuesta antioxidante. El Nrf2 (factor 2 
relacionado al factor nuclear eritroide-2 [NF-E2]) pertenece a la familia de proteínas 
NF-E2 que se caracterizan por presentar una estructura en forma de cremallera con 
residuos de leucina. En el sentido fisiológico y bajo condiciones normales, Nrf2 se 
encuentra en el citoplasma de la célula formando un complejo con la proteína represora-
1 asociada a ECH (Keap1) mediante la ligasa culina 3 (Cul3). Esta retención en el 
citoplasma promueve baja expresión basal de enzimas citoprotectoras. Sin embargo, 
cuando hay estímulos oxidativos y/o electrofílicos se induce la separación de Nrf2-
Keap1 y rápidamente el factor de transcripción se trasloca al núcleo donde se une a la 
secuencia promotora denominada Elemento de Respuesta Antioxidante (ARE), el cual 
induce la expresión de más de 100 genes, incluyendo los de enzimas antioxidantes 




catalasa (CAT), glutatión-S-transferasa (GST), tiorredoxina (TXN), tiorredoxin reductasa 
(TrxR), glutatión reductasa (GSR), glutatión sintetasa (GSS) [76] y otros genes 




Figura 4. Modelo esquemático de la ruta de activación 
del factor de transcripción Nrf2 [88]. 
 
 
1.3.2.2 Sistema antioxidante no enzimático. Este sistema complementa la 
acción de las enzimas antioxidantes. El GSH, la Txn y los productos de la glándula 
pineal como la melatonina, se consideran los principales antioxidantes no enzimáticos 
endógenos de la célula. En el sistema de defensa antioxidante celular, el GSH y Txn 
sirven como sustratos de las enzimas GPx y tiorredoxina reductasa (TrxR), 
respectivamente [76].  
 
Glutatión reducido (GSH). El GSH es la principal fuente de grupos tiol no proteico 
localizado en muchos compartimientos celulares a concentraciones del orden mili 
molares. Es un heterodímero compuesto de una subunidad catalítica (Gclc) y una 
subunidad moduladora (Gclm). El GSH es oxidado por altas concentraciones de ROS 


















antioxidante eficaz. También puede ser oxidado por la pérdida de un protón de su grupo 
tiol (-SH) y así formar un puente sulfuro con otras moléculas para producir GSSG. [89, 
90].  
 
Tiorredoxina (Txn). La Txn está localizada en la membrana mitocondrial interna y está 
implicada en la reducción de peróxido de hidrógeno, peróxidos lipídicos y proteínas con 
residuos sulfidrilos modificados oxidativamente. La enzima TrxR cataliza la reducción 
de Txn oxidada utilizando NADPH como donador de electrones, para así mantener el 
equilibrio en la ratio Txn-ox/Txn-red [76, 91]. Las proteínas sobre las que interactúa 
Txn principalmente son ribonucleótido reductasa, proteínas disulfuro isomerasas y 
numerosos factores de transcripción como p53, NF-!B y la proteína activadora-1 [92]. 
 
1.3.2.3 Sistema enzimático antioxidante. Estas enzimas son las encargadas de 
eliminar las ROS mediante una acción sucesiva y en cadena, para finalmente obtener 
agua y elementos menos reactivos y dañinos. 
 
Superóxido dismutasa (SOD). La SOD es la enzima que cataliza la reducción del O2- 
altamente reactivo a oxígeno molecular y en menor cantidad a especies reactivas de 
H2O2. En humanos existen tres isoformas de SOD: la citosólica, codificada por el gen 
SOD1; la mitocondrial, codificada con el gen SOD2 y la extracelular codificada por el 
gen SOD3. La isoforma citosólica es la forma predominante de la familia SOD. La 
regulación de los genes SOD desempeña un papel crucial en el balance de las 
concentraciones de ROS [93]. Además de la producción de O2- catalizada por la SOD, el 
H2O2  es sintetizado por otras reacciones enzimáticas, y a diferencia del O2- que 
permanece cerca del sitio de su producción, el H2O2 puede difundirse a través del 
citoplasma y de las membranas celulares [94, 95]. Como el H2O2  es un poderoso 
oxidante, las células expresan de forma abundante CAT, GPx y TXN que convierten el 
H2O2 en agua y en oxígeno molecular.  
 
Catalasa (CAT). La CAT es una enzima codificada por el gen CAT que actúa 
eficientemente sobre dos moléculas de H2O2 para formar dos moléculas de agua y una 
de oxígeno molecular. La CAT protege a las células de H2O2 generado dentro de ellas y 




en los tejidos localizándose principalmente en los peroxisomas. La actividad media de 
CAT es corta y debe ser producida continuamente [90, 96].  
 
Glutatión peroxidasa (GPx). La GPx es en general el nombre de una familia de 
múltiples isoenzimas que catalizan la reducción de H2O2 usando GSH como donador de 
electrones y protegiendo a la célula contra el daño oxidativo. Esta enzima antioxidante 
puede también reducir hidroperóxidos lipídicos así como el peroxinitrito [90]. En 
tejidos de mamíferos existen cuatro isoenzimas principales de GPx dependientes de 
selenio: GPX1 el cual es encontrado en células rojas, hígado, pulmón y riñón; GPX2 
gastrointestinal; GPX3 plasmático encontrado también en órganos como riñón, pulmón, 
corazón, músculo, entre otros, y GPX4 fosfolipídico, el cual es también ampliamente 
distribuido en diferentes tejidos. En la célula, la familia GPx tiene una distribución 
diferente: GPX1 identificado en citosol, núcleo y mitocondria; GPX2 acumulado en el 
citosol y núcleo; GPX3 se encuentra en el citosol y GPX4 presente en citosol, núcleo, 
mitocondria y ligado a membranas [97].  
 
Glutatión reductasa (GSR). La GSR es una flavoproteína homodimérica codificada 
por el gen GSR, que mantiene el estado redox tiol catalizando la reacción que restaura el 
GSSG a su forma reducida. Esta regeneración del contenido de GSH es esencial para la 
eliminación de H2O2 y para evitar la acumulación de GSSG el cual es muy tóxico para 
la célula [98]. 
 
Glutatión-S-transferasa (GSTP). La GSTP comprende toda una familia de proteínas 
que utilizan GSH para la detoxificación de una gran cantidad de compuestos producidos 
durante el estrés oxidativo. En los humanos se han descrito tres familias principales de 
GSTP dependiendo de su localización celular: citosólica, mitocondrial y microsomal 
unida a membrana, dentro de las cuales la forma citosólica constituye la familia más 
amplia [99]. La principal función biológica de GSTP parece ser la defensa contra el O2- 
y el H2O2 que surgen a través de un proceso metabólico normal [100]. 
 
1.3.2.4 Sistema exógeno antioxidante. Existen evidencias que demuestran la 
reducción del riesgo de enfermedades cardiovasculares mediante el incremento en el 
consumo de ciertos alimentos ricos en antioxidantes, por tal motivo se ha puesto 




principales antioxidantes derivados de los alimentos, se encuentran las vitaminas C y E, 
carotenoides, flavonoides como los polifenoles y otros compuestos de bajo peso 
molecular como el ácido !-lipoico [101].  
La vitamina C es soluble en agua, y es el antioxidante exógeno que se encuentra 
a más altas concentraciones en el plasma, aproximadamente 70 µmol/L cuando se 
ingiere cerca de 200 mg/día. Las principales fuentes de vitamina C son las frutas 
cítricas, tomates y patatas. Por otro lado, la vitamina E es una mezcla de tocoferoles y 
tocotrienoles sintetizados solo en las plantas. La fuente natural de esta vitamina son los 
aceites vegetales, como el aceite de oliva. Otro compuesto antioxidante es la Coenzima 
Q10, encontrado naturalmente en la mitocondria. Las principales fuentes dietéticas de la 
CoQ10 son aceite de pescado, vísceras como el hígado y cereales enteros. Sin embargo, 
la mayoría de los individuos obtienen cantidades suficientes de CoQ10 mediante una 
dieta equilibrada [102].  
La más amplia variedad de antioxidantes son los fitoquímicos (químicos 
derivados de plantas), dentro de los cuales están los polifenoles en forma de 
flavonoides. Estos actúan como donadores de electrones a los radicales libres e inhiben 
la actividad de enzimas implicadas en la generación de estrés oxidativo. Además, los 
flavonoides pueden regenerar otros antioxidantes como el !, ", y #-tocoferol (vitamina 
E) [103]. De forma general, los flavonoides se clasifican en antocianinas, flavonoles, 
flavandioles, flavonas, taninos condensados y chalconas [104]. Las principales fuentes 
de polifenoles son bayas, té, nueces y aceite de oliva. Estudios epidemiológicos 
sugieren que el consumo prolongado de dietas ricas en compuestos fenólicos ofrecen 
protección contra el desarrollo de enfermedades cardiovasculares, cáncer, diabetes, 
osteoporosis y enfermedades neurodegenerativas [105-108]. Esto se debe a que los 
compuestos fenólicos pueden detener la cadena de formación de ROS mediante la 
donación de átomos de hidrógeno de sus grupos hidroxilo, formando radicales libres 
relativamente estables que no inician o propagan la oxidación de lípidos. Así, una de las 
principales características de los compuestos fenólicos es su poder inhibidor frente a la 
oxidación de LDL. Otro mecanismo por el cual los polifenoles pueden proteger el 
organismo contra el desarrollo de enfermedades cardiovasculares es por el incremento 









Los ácidos grasos son hidrocarbonos de cadena larga que pueden ser divididos 
en cuatro categorías: saturados, monoinsaturados, poliinsaturados y grasas trans. En los 
alimentos se encuentran más de 20 tipos de ácidos grasos. Algunos de ellos se enumeran 
en la Tabla 1 [110].  
 
 
Tabla 1. Ácidos grasos más comunes en los alimentos. 
 
Nombre Nº de 
carbonos 





Ácido palmítico 16 Saturado No Aceite de palma 
Ácido esteárico 18 Saturado No Grasa animal 
Ácido oleico 18 Monoinsaturado No Aceite de oliva 
Ácido linoleico 18 Poliinsaturado Si Aceite de cártamo 
Ácido linolénico 18 Poliinsaturado Si Aceite de soja 
Ácido araquidónico 20 Poliinsaturado Si Carne 
Ácido eicosapentaenoico 20 Poliinsaturado Si Aceite de pesado 
Ácido docosahexaenoico 22 Poliinsaturado Si Aceite de pescado 
 
 
Diversos estudios han demostrado que el proceso inflamatorio y oxidativo en el 
estado postprandial está regulado tanto por la cantidad como el tipo de ácidos grasos 
presentes en la dieta. Así, la cantidad de grasa requerida para incrementar los niveles 
plasmáticos de triglicéridos están en el orden de 30-50 gr,  mientras que dosis bajas (15 
gr) o muy bajas (5 gr) de grasa, no producen un incremento significativo de triglicéridos 
en el plasma [7]. Estudios epidemiológicos y experimentales indican que cambios en la 
fuente de lípidos consumidos en la dieta, pueden modificar la composición de ácidos 
grasos de muchos tipos celulares e influir significativamente el desarrollo de 
enfermedades inflamatorias [111]. En este sentido, se ha encontrado que el consumo de 
ácidos grasos saturados (SFA) incrementa los niveles de LDL en el suero y por lo tanto 
ha sido asociado con el incremento en el riesgo de desarrollar enfermedades coronarias 
[112]. Por otro lado, los ácidos grasos poliinsaturados (PUFA), incluyen el ácido graso 
tipo omega-3 el cual ha sido ampliamente estudiado debido a sus efectos benéficos 




de la reducción de los triglicéridos en suero [113]. Sin embargo, a pesar de que los 
PUFA tienen numerosos beneficios vasculares, su ingesta ha sido limitada a <10% de la 
energía, teniendo en cuenta que a concentraciones superiores, se conocen efectos 
adversos que incluyen la reducción de los niveles de HDL y el incremento de la 
susceptibilidad a la oxidación de las LDL [114]. Adicionalmente, debido al grado de 
insaturación de los ácidos grasos, estos afectan la composición de las lipoproteínas y la 
expresión de moléculas de adhesión y de otros factores proinflamatorios. No obstante, 
los ácidos grasos monoinsaturados (MUFA), especialmente el ácido oleico presente en 
el aceite de oliva y principal componente de la dieta Mediterránea, están relacionados 
con el bajo grado de mortalidad cardiovascular [115]. Previamente se ha reportado que 
un modelo de dieta rica en aceite de oliva virgen disminuye la activación postprandial 
de NF-!B en PBMCs de personas sanas, comparada con una dieta Occidental rica en 
SFA [116, 117]. Además, recientemente se ha reportado que la dieta Mediterránea, rica 
en MUFA, tiene efectos antioxidantes induciendo la baja expresión de los genes Nrf2, 
p22phox , p47phox, SOD1, SOD2, y TrxR, comparándola con una dieta rica en SFA [118].  
En el año 2004 la Food and Drug Administration reportó que una dosis de 2 
cucharadas de aceite de oliva (23g) por día, es capaz de reducir las enfermedades 
coronarias debido a que se ha demostrado que el aceite de oliva mejora los factores de 
riesgo cardiovascular, así como el perfil lipídico en sangre, la presión sanguínea, la 
disfunción endotelial, el estrés oxidativo y el perfil antitrombótico [119, 120]. Sin 
embargo, el aceite de oliva es empleado de diversas maneras en la dieta Mediterránea, 
variando desde su uso en crudo hasta en la elaboración de fritura, siendo este último, 
uno de los métodos de cocción más populares en varios países. No obstante, en las 
últimas décadas el aceite de oliva se ha ido sustituyendo para la fritura por aceites de 
semillas, que cuando son sometidos a altas temperaturas y tiempos prolongados de 
calentamiento, se producen importantes cambios químicos que afectan la calidad 
















El proceso de fritura es una de las operaciones de cocinado de alimentos más 
antiguas, y probablemente fue desarrollada por primera vez alrededor del área 
Mediterránea gracias a la influencia del aceite de oliva [121]. Actualmente, es uno de 
los métodos de preparación de alimentos más utilizados a nivel mundial, por su 
simplicidad y rapidez que implica este proceso, así como la combinación de sabor y 
textura que adquieren los alimentos fritos [122, 123]. 
El proceso de fritura se define como la inmersión del alimento en aceite caliente 
llegando a alcanzar temperaturas por encima del punto de ebullición del agua, entre 150 
a 190°C, por lo que se trata de un proceso de deshidratación [124]. Las altas 
temperaturas que alcanza el aceite inducen la evaporación de agua en la superficie del 
alimento y en consecuencia la deshidratación de las capas externas, provocando la 
formación de una costra y otorgándole una textura crujiente al alimento [125]. Este 
proceso implica la interacción entre aceite, contenedores de metal, aire y alimento a 
altas temperaturas, que inducen reacciones químicas complejas desde el punto de vista 
fisicoquímico y que alteran significativamente la calidad del aceite y en consecuencia la 
salud del consumidor [124, 126, 127].  
 
 
2.1 Cambios fisicoquímicos del aceite durante el proceso de fritura 
 
 
Dentro de las reacciones más comunes, que se llevan a cabo durante el proceso 
de fritura, se encuentra la hidrólisis, la oxidación y la polimerización, las cuales pueden 
generar diversos productos tóxicos. En general, los productos de descomposición 
formados durante el proceso de fritura, puede ser divididos en dos grupos: compuestos 
volátiles y no volátiles. La mayoría de los compuestos volátiles se evaporan a la 
atmósfera con el vapor de agua, por lo tanto, la concentración de estos compuestos es de 
partes por millón en el aceite frito. Los compuestos no volátiles provocan cambios 
físicos y químicos en el alimento y en el aceite, afectando también el sabor, la calidad y 
la textura de los productos durante el almacenamiento e induciendo  cambios a nivel 






Cuando la comida es sumergida en aceite caliente, la humedad del alimento 
disminuye gradualmente, evaporándose en forma de burbujas, entonces el agua, el vapor 
y el oxígeno inician reacciones químicas en el aceite y en el alimento. El agua, que es 
un nucleófilo débil, se libera de los alimentos atacando los enlaces ésteres de los 
triglicéridos dando lugar a los mono- y di-glicéridos, glicerol y ácidos grasos libres, los 
cuales son más susceptibles a la degradación oxidativa y térmica [124]. El contenido de 
ácidos grasos libres en los aceites fritos incrementa con el número de ciclos de fritura y 





Esta reacción ocurre por la presencia de oxígeno del aire y se produce a un ritmo 
más acelerado que la hidrólisis, especialmente en aceites poliinsaturados, como el aceite 
de soja o de girasol, para formar ácidos grasos libres mediante la oxidación de los 
dobles enlaces [129]. El mecanismo químico de la oxidación del aceite a altas 
temperaturas, involucra los mismos pasos de las reacciones de autooxidación 
(iniciación, propagación y terminación) [130]. La autooxidación de los ácidos grasos se 
inicia mediante un radical alquilo libre, que cuando es expuesto a una molécula de 
oxígeno forma un radical peroxi, el cual reacciona con una molécula de ácido graso 
insaturado formando una molécula de hidroperóxido y liberando otro radical libre, que a 
su vez reacciona con otra molécula de oxígeno para formar nuevamente un radical 
peroxi. Esta reacciones pueden continuar durante el almacenamiento del producto frito o 
bien en el aceite de fritura hasta provocar la rancidez [131]. En estas reacciones de 
oxidación, los hidroperóxidos juegan un papel importante ya que no son estables bajo 
condiciones de fritura y pueden formar una amplia variedad de productos de 
peroxidación lipídica mediante tres rutas: a) la fisión, para formar alcoholes, aldehídos, 
ácidos e hidrocarbonos y de esta forma contribuir al oscurecimiento del aceite de fritura 
y cambios en el sabor, b) la deshidratación, para formar cetonas y c) la formación de 
radicales libres de dímeros, trímeros, epóxidos, alcoholes e hidrocarbonos que 




fritos es proporcional al grado de insaturación de los ácidos grasos presentes, así el 





Esta reacción se da básicamente debido a los productos de degradación del 
aceite, los cuales reaccionan uno a uno formando una variedad de compuestos que 
incluyen tanto los dímeros como polímeros. Estos se forman por la unión de los átomos 
de carbono a carbono, o a través de puentes de oxígeno, y son moléculas estables que no 
son susceptibles de evaporación. La formación de dímeros y polímeros depende del tipo 
de aceite, temperatura y número de frituras, incrementando su concentración cuando se 
alcanzan temperaturas entre 200 a 300ºC y cuando se incrementa el número de ciclos de 
calentamiento. Además, el aceite rico en ácido linoleico es más fácilmente polimerizado 
durante el proceso de fritura que el aceite rico en ácido oleico [133]. Los polímeros 
aceleran la degradación del aceite, incrementan la viscosidad, favorecen la formación de 




Figura 5. Cambios fisicoquímicos que suceden durante 
el proceso de fritura. Imagen modificada de Stevenson 






































A medida que estas reacciones ocurren, la calidad nutricional y sensorial del 
aceite se deteriora hasta llegar el momento que no es posible preparar alimentos de alta 
calidad, siendo necesario reemplazar el aceite por uno nuevo [123, 127]. 
Dentro de los cambios químicos producidos en el aceite durante el proceso de 
calentamiento, también existen cambios físicos como el oscurecimiento, la viscosidad y 
el punto de humeo. Por encima del punto de humeo surge el punto de ignición, donde 
comienza la combustión. Tyagi y Vasishtha, reportaron que el oscurecimiento y la 
viscosidad de los aceites vegetales incrementan con el tiempo y los ciclos de fritura 
[134]. Un estudio similar de Santos, et al., reportaron que la viscosidad de los aceites 
incrementa a medida que aumenta el tiempo de fritura, lo cual puede ser ocasionado por 
la polimerización de los aceites [135]. Por otro lado, el punto de humeo es proporcional 
a la temperatura y concentración de los productos de descomposición de bajo peso 
molecular presentes en el aceite. Sin embargo, como existe una acumulación de dichos 
productos tras el uso repetido de estos aceites, el punto de humeo aparece cada vez a 
mas bajas temperaturas. Algunos países como Austria y Alemania han determinado un 
límite legal para desechar el aceite cuando presenta un punto de humeo a 170ºC. El 
punto de humeo para el aceite de girasol es de 246ºC, mientras que el del aceite de oliva 
virgen es de 215ºC [136, 137]. 
 
 
2.2 Tiempo de fritura y temperatura del aceite de fritura 
 
 
Estos dos parámetros están fuertemente relacionados, ya que los productos 
deben ser fritos hasta alcanzar un determinado contenido de humedad final, así cuando 
se fríe a baja temperatura se necesita mayor tiempo de calentamiento [138]. Sin 
embargo a mayor tiempo de calentamiento incrementa la concentración de los 
compuestos polares [122]. Dicha concentración es uno de los parámetros más 
importantes que pueden ser usados para determinar si el aceite debe ser descartado o se 
puede seguir usando para freír. Diversos trabajos sugieren que un aceite de fritura 
debería ser descartado si presenta un contenido de compuestos polares de 25-27%, un 
parámetro establecido por la legislación alimentaria de varios países [139-142].  
Los compuestos polares se pueden clasificar en dos grupos: los polímeros (todos 




peso molecular mayor que los triglicéridos del aceite original) y los productos de 
descomposición (aquellos productos de degradación que tienen un peso molecular 
inferior a los triglicéridos). De manera global, la fracción de los compuestos polares 
consiste de triglicéridos poliméricos, diméricos y oxidados, así como de mono- y di-
glicéridos y ácidos grasos libres, los cuales presentan un comportamiento diferente 
durante el proceso de calentamiento  [122, 123]. Diversos estudios indican que la 
concentración de triglicéridos diméricos y poliméricos incrementa de forma lineal 
durante las primeras 6-8 horas de calentamiento a una temperatura constante (185 ºC), 
mientras que en las siguientes horas la concentración de triglicéridos diméricos se 
mantiene constante y los triglicéridos poliméricos continúa incrementando. Esto se debe 
a que los dímeros pueden reaccionar entre ellos para formar polímeros más grandes. 
Adicionalmente, a una temperatura constante los triglicéridos oxidados tienden a 
incrementar durante las primeras 6 horas de calentamiento hasta presentar una 
concentración constante en las horas posteriores del tratamiento térmico. Sin embargo, 
cuando se aumenta la temperatura y el tiempo de fritura, continúa incrementando la 
formación de compuestos oxidados, seguido por la formación de polímeros. En 
contraste, se ha observado que la formación de los mono- y di-glicéridos y ácidos grasos 
libres no depende de la temperatura de fritura [122, 143]. Finalmente, la formación de 
los productos de descomposición depende considerablemente de la humedad del 
alimento a freír, así Houhoula, et al., realizaron un estudio sobre la determinación de 
compuestos polares al “calentar” (sin alimentos) y “freír” (con alimentos) aceite de 
semilla de algodón y determinaron que las reacciones de hidrólisis y oxidación, son 
limitadas durante el calentamiento, debido a la ausencia de humedad del alimento, 
mientras que las reacciones de polimerización al ser dependientes de la temperatura y 
no de la humedad, predominan más durante el “calentamiento” que durante la “fritura” 
[122]. 
 Por otra parte, el calentamiento y enfriamiento intermitente del aceite de fritura, 
induce mayor deterioro que un calentamiento continuo, debido a que la solubilidad del 
oxígeno incrementa cuando el aceite se enfría por debajo de la temperatura de fritura 
[144]. Esto se ha demostrado en el estudio llevado a cabo por Peers, et al., donde el 








2.3 El proceso de fritura y su relación con la salud del consumidor 
 
 
 Cuando el alimento es sumergido en aceite caliente, su contenido nutricional 
cambia. El alimento pierde agua y gana grasa incrementando su densidad energética. 
Además, tanto el alimento como el aceite de fritura sufren cambios debido a las altas 
temperaturas a las que se somete el aceite, especialmente cuando es reutilizado. 
Procesos de hidrólisis, oxidación y polimerización inducen la producción de 
compuestos. Así, el alimento absorbe productos de degradación provenientes del aceite 
caliente que alteran la salud del consumidor [146].  
 
 
2.3.1 Aceite absorbido por el alimento y obesidad 
 
Durante el proceso de fritura parte del agua eliminada en el alimento, debido a 
las altas temperaturas, es sustituida por el aceite. Según la naturaleza de los alimentos, 
estos pueden absorber entre un 30 y 50% de aceite por peso total del producto [138]. 
Por lo tanto, consumir productos fritos ad libitum trae como consecuencia el incremento 
de la densidad energética [147], ocasionando un balance positivo de energía que daría 
como consecuencia la ganancia de peso y la activación de diversos factores patogénicos 
relacionados con la obesidad. Es reconocido que esta patología es la enfermedad 
nutricional de mayor prevalencia en los países industrializados y está experimentando 
un incremento significativo en los países en vías de desarrollo [24, 148]. Numerosos 
estudios epidemiológicos han puesto de manifiesto que la esperanza de vida en personas 
obesas se reduce y su morbilidad se eleva. Esto último debido a que la obesidad es un 
factor de riesgo para el desarrollo de enfermedades cardiovasculares, DMT2, 
aterosclerosis, hipertensión arterial, síndrome metabólico, ciertos tipos de cáncer, entre 
otros [149, 150]. La obesidad es un estado de inflamación crónica de bajo grado [151] 
que se define como la acumulación anormal y excesiva de grasa en forma de 




Un estudio de análisis transversal de la cohorte Española de “European 
Prospective Investigation into Cancer and Nutrition (EPIC)” concluyó que el consumo 
de alimentos fritos se asocia positivamente con la obesidad central y general [147]. De 
igual manera, durante 6 años una cohorte española del estudio SUN (Seguimiento de la 
Universidad de Navarra), mostró  que el consumo frecuente de alimentos fritos se asocia 
con el incremento en el riesgo de adquirir sobrepeso u obesidad [152]. En otro estudio 
transversal de 2.090 adultos italianos, el consumo de alimentos fritos se asoció con una 
reducción de los niveles de HDL y una mayor circunferencia de cintura [153].  
Aunque la obesidad en niños y adolescentes está más influenciada por factores 
genéticos, sociales y ambientales, varios patrones del estilo de vida han emergido en 
años recientes, mientras que la población permanece genéticamente estable. Un factor 
dietético prevalente y relacionado al estilo de vida, que contribuye al incremento 
epidemiológico de la obesidad y sobrepeso, es el consumo de alimentos preparados 
fuera de casa. Esta comida, así como la comida rápida, tienden a ser en su mayoría 
alimentos fritos, contribuyendo enormemente a la ingesta de grasas saturadas y 
parcialmente hidrogenadas (grasas trans), las cuales incrementan el riesgo de padecer 
enfermedades cardiovasculares [112, 154-156].  
Otro mecanismo que puede explicar la asociación positiva entre la ingesta de 
alimentos fritos y la obesidad, es la baja saciedad que inducen las comidas ricas en grasa 
y que puede estar relacionada con la baja capacidad para estimular la producción de 
insulina y leptina (hormona inhibidora del apetito) [157, 158]. 
 
 
2.3.2 Proceso de fritura y factores de riesgo cardiovascular 
 
Los compuestos no volátiles, como polímeros y compuestos polares generados 
por el aceite durante el proceso de calentamiento del aceite, tienen potenciales efectos 
fisiológicos en la salud del consumidor, debido a que permanecen en el aceite y por lo 
tanto son absorbidos por el alimento. Así, el consumo de alimentos fritos también se ha 
asociado con varios factores de riesgo cardiovascular [146]. 
En España, el estudio Pizarra de 1.226 adultos mostró que el consumo de 
alimentos fritos con aceites reutilizados, se asocia con un incremento en la prevalencia 
de hipertensión arterial. La relación existente entre la concentración de compuestos 




alimentos ricos en aceite de girasol (con una concentración > 50% de ácido linoleico) y 
en una mezcla de aceites (entre 25-50% de ácido linoleico) que en el aceite de oliva (< 
25% de ácido linoleico) cuando son sometidos a un proceso de calentamiento [159]. En 
otro estudio se ha observado que los productos derivados de la oxidación de PUFA 
durante el proceso de fritura, pueden ser absorbidos en el intestino e inducir disfunción 
endotelial, que se asocia con el desarrollo de la aterosclerosis y con la presencia de 
factores de riesgo cardiovascular [160]. Por otro lado, en el estudio caso-control 
INTERHEART, en el cual participan 52 países e incluye 5.761 casos y 10.646 sujetos 
control, se observó una asociación positiva entre la ingesta de alimentos fritos y el 
infarto agudo de miocardio [161]. No obstante, en la cohorte española del estudio EPIC, 
en la cual se usaron datos de 41.438 adultos sanos, no se encontró dicha asociación 
[146]. En otro diseño cruzado-doble ciego, 14 individuos se evaluaron en un periodo 
basal y tras 4 horas de consumir alimentos preparados con aceites de cártamo y oliva, 
ambos sometidos a un proceso de calentamiento de 8 horas. En dicho estudio se 
demostró un aumento en los niveles de productos derivados de la oxidación lipídica que 
a su vez incrementaron los niveles de TG en suero pero no afectaron la función 
endotelial de los pacientes [162]. 
La resistencia a la insulina precede a la DMTII y ésta a su vez es otro factor de 
riesgo cardiovascular. Del estudio Pizarra se seleccionaron de manera aleatoria 538 
sujetos con una edad comprendida de 18-65 años y se determinó que los niveles de 
resistencia a la insulina fueron más bajos en personas que utilizan aceite de oliva para 
cocinar que quienes usan aceite de girasol [163].  
Además de los compuestos polares y polímeros, los productos aldehídos 
generados tras el calentamiento de aceites ricos en PUFA promueven el desarrollo y 
progresión de enfermedades cardiovasculares [164].  
 
 
2.3.3 Generación de compuestos carcinogénicos durante la fritura 
 
Las altas temperaturas utilizadas en el proceso de calentamiento de los aceites, 
se asocian con el incremento en el riesgo de genotoxicidad y carcinogénesis. Grasas que 
son sometidas a repetidos ciclos de calentamiento generan productos potencialmente 
mutagénicos que incrementan con el tiempo de fritura [165, 166]. Algunos de los 




policíclicos, que se relacionan con la aparición de diferentes tipos de cáncer [167, 168]. 
Existen diversos estudios que relacionan directamente el consumo de alimentos fritos 
con la producción de aminas heterocíclicas y con el riesgo de cáncer de laringe, donde 
los aceites ricos en PUFA podrían estar implicados en la actividad mutagénica de dichas 
aminas, en contraste con otras grasas monoinsaturadas como el aceite de oliva [169-
171]. Por otro lado, estudios epidemiológicos han demostrado que el humo producido 
durante el proceso de fritura, donde se eliminan compuestos volátiles como 
hidrocarbonos aromáticos policíclicos, aldehídos y el decadienal trans-2-4 
principalmente, son un factor de riesgo para el desarrollo de cáncer de pulmón al causar 








El aceite de oliva es la principal fuente de grasa de la dieta Mediterránea. La 
calidad de dicho aceite se basa principalmente en la obtención del zumo de aceitunas en 
perfectas condiciones procedentes de olivos sanos. Las operaciones comunes para todos 
los sistemas de extracción del aceite de oliva son: la recolección de las aceitunas, la 
eliminación de las impurezas, el lavado, la molienda, el batido y la extracción. Esta 
última etapa se puede realizar mediante varios sistemas: a) el clásico de prensas o 
discontinuo, utilizado todavía de forma artesanal y b) el moderno en continuo donde se 
emplea la centrifugación, la cual puede realizarse en un sistema de tres fases donde se 
obtienen la fase oleosa, una fase acuosa (alpechín) y una fase sólida (orujo) o mediante 
un sistema de dos fases, el cual da como resultado una fase oleosa (aceite de oliva) y un 
orujo muy húmedo llamado alperujo [173, 174]. 
El alperujo es un residuo semisólido con alta carga contaminante orgánica que 
incluye azúcares, taninos, fenoles, alcoholes, pectinas y lípidos. La concentración de 
compuestos fenólicos en el alperujo es 100 veces mayor que en el aceite de oliva, un 
hecho que puede explicarse por la naturaleza polar de la fase del alperujo en 




El aceite de oliva está constituido por una fracción saponificable o glicérica (que 
comprende un 90 – 99 % de la aceituna) rica en MUFA, principalmente el ácido oleico, 
y una fracción insaponificable o no-glicérica (constituida de un 0,4 – 5 % de la aceituna) 
la cual contiene compuestos fenólicos [178]. Desde la antigüedad se ha considerado el 
aceite de oliva como un alimento con propiedades medicinales, por lo que cada vez es 
más prevalente su consumo en otros países no Mediterráneos debido a sus efectos 
beneficiosos en la salud humana. Estos efectos saludables tras el consumo del aceite de 
oliva se han atribuido principalmente a su alto contenido en MUFA y a elementos 
minoritarios como los compuestos fenólicos presentes [179-181]. 
 
 
3.1 Ácidos grasos monoinsaturados del aceite de oliva 
 
 
El consumo del aceite de oliva se asocia con su influencia sobre el perfil 
lipídico, lo que reduciría el riesgo de padecer enfermedades cardiovasculares [182]. El 
aceite de oliva contiene cerca de 85 % de ácido oleico y solo un 4 – 5 % de ácido 
linoleico, esto lo diferencia con los aceites de semillas de uso habitual, los cuales 
contienen un alto porcentaje de PUFA especialmente el ácido linoleico. El ácido oleico 
contiene un doble enlace frente a los dos dobles enlaces del ácido linoleico, haciéndolo 
menos susceptible a la oxidación y contribuyendo así a la acción antioxidante [180, 
183]. 
En diversos estudios se ha demostrado que dietas ricas en aceite de oliva virgen 
disminuyen la susceptibilidad a la oxidación de las LDL y la concentración plasmática 
de LDL, comparadas con una dieta occidental. Esto se ha atribuido principalmente a que 
las dietas occidentales contienen un exceso de grasas saturadas, a las cuales se les 
reconocen efectos sobre la modificación oxidativa del colesterol LDL y el incremento 
de la agregación plaquetaria [180, 184-187]. También se ha demostrado que dietas ricas 
en MUFA mejoran los parámetros de estrés oxidativo a nivel postprandial en pacientes 
con síndrome metabólico [188]. Adicionalmente, mediante el cultivo de células 
endoteliales, se ha determinado que el aceite de oliva inhibe la expresión de los genes 
VCAM-1 y NF-!B, así como  la adhesión de monocitos [189]. Independientemente del 




depende también del contenido de antioxidantes como los compuestos fenólicos 
presentes en la dieta [190]. 
 
 
3.2 Compuestos fenólicos del aceite de oliva 
 
 
El aceite de oliva virgen es prácticamente el único aceite que contiene 
cantidades notables de compuestos antioxidantes, ya que el resto de aceites comestibles 
derivados de semillas los pierden al refinarse. Existe una gran variedad de compuestos 
fenólicos que se podrían clasificar de modo general en dos grupos, los flavonoides y los 
no flavonoides, donde los compuestos fenólicos no flavonoides son los mayoritarios del 
aceite de oliva como se muestra en la Tabla 2 [179, 191]. 
 
 
Tabla 2. Compuestos fenólicos presentes en el aceite de oliva. 
 
Compuesto Nomenclatura química Mw 
NO FLAVONOIDES 
Compuestos fenólicos no carboxílicos  
- Hidroxitirosol (3,4-Dihidroxifenil) etanol 154 
- Tirosol (4-Hidroxifenil) etanol 138 
Ácidos fenólicos y derivados 
- Vanilina 4-Hidroxi-3-metoxibenzaldehído 152 
- Ácido vaníllico Ácido 4-Hidroxi-3-metoxibenzoico 168 
- Ácido p-cumárico Ácido 3-(4-Hidroxifenil)-2-propenoico 164 
- Ácido ferúlico Ácido 3-(4-Hidroxi-3-metoxifenil)-2-propenoico 194 
Secoiridoides   










La composición específica de los compuestos fenólicos en el aceite de oliva, 
como el resto de su composición general, depende de la variedad de la aceituna, la 




tipo de extracción del aceite. Además, los compuestos fenólicos se eliminan cuando el 
aceite se somete al proceso de refinado [174, 192-195]. No obstante, se han reportado 
diversas concentraciones de compuestos fenólicos que oscilan entre 62 ± 12 mg/Kg en 
aceite de oliva refinado y 232 ± 15 mg/Kg en aceite de oliva extra [196]. 
El grado en el cual los compuestos fenólicos son biodisponibles (absorbidos, 
metabolizados, distribuidos y eliminados) es fundamental para evaluar los efectos 
benéficos asociados con la salud [197, 198]. Los tres compuestos mayoritarios en el 
aceite de oliva son el hidroxitirosol, el tirosol y los derivados de la oleuropeína, los 
cuales se relacionan estructuralmente [199]. Diversos estudios que enfocan sus 
investigaciones sobre la determinación de metabolitos en el organismo tras consumir 
aceite de oliva, han demostrado que la mayoría de los metabolitos derivan del 
hidroxitirosol y de la oleuropeína, indicando que existe un metabolismo post-absorción 
significativo de esos compuestos. Por el contrario, el menor número de metabolitos 
provienen del tirosol, luteolina y apigenina, sugiriendo que esos compuestos pueden ser 
excretados en heces, destruidos en el tracto intestinal, excretados a través de otras rutas 
metabólicas o pobremente absorbidos. Esto último se debe probablemente a que esos 
compuestos fenólicos ejercen una actividad antioxidante local en el tracto 
gastrointestinal, demostrando ser eficaces “scavenger” de radicales libres y por lo tanto 
presentar una actividad antimicrobiana [200-202]. 
El mecanismo por el cual son absorbidos los compuestos fenólicos del aceite de 
oliva es poco entendido. Sin embargo, se cree que las polaridades de los diferentes 
compuestos están implicadas en el proceso de absorción [203]. Por ejemplo, el 
hidroxitirosol y tirosol son compuestos polares y se postula que su absorción se produce 
a través de difusión pasiva y de una manera dependiente de la dosis [204-206]. La 
oleuropeína es un compuesto polar de gran tamaño, el cual puede ser absorbido de 
forma diferente al hidroxitirosol y tirosol, y se ha propuesto que se difunde a través de 
la bicapa lipídica de la membrana de las células epiteliales y ser absorbe vía 
transportador de glucosa [207]. Vissoli, et al., demostraron que la excreción de 
hidroxitirosol y tirosol administrado fue de 30-60% y de 20-22% respectivamente, del 
total ingerido en seres humanos [208]. Estos resultados muestran que los seres humanos 
absorben una parte importante de compuestos fenólicos consumidos del aceite de oliva 




referencia) [203, 209] y se ha comprobado que sus propiedades anti-oxidantes y anti-
inflamatorias mejoran el perfil lipídico y la disfunción endotelial [210]. En general, en 
la actualidad no hay datos suficientes sobre el mecanismo de absorción de los 
compuestos fenólicos del aceite de oliva, por lo que se requieren más investigaciones 
para fundamentar estos mecanismos. Por otro lado, investigaciones en humanos y en 
animales han demostrado que los compuestos fenólicos del aceite de oliva poseen 
importante actividad biológica que puede ejercer efectos preventivos en el desarrollo de 























Figura 6. Efectos biológicos de los compuestos fenólicos presentes en el 
aceite de oliva. Imagen modificada de Cicerale et al. [200]. 
 
 
Estudios realizados por Abia, et al., sugieren que la ingesta de aceite de oliva 
virgen induce una baja respuesta postprandial de lipoproteínas ricas en triglicéridos y 
una eliminación más rápida de triglicéridos en suero con respecto al consumo del aceite 
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aceite de oliva virgen [211]. Por otro lado, la ingesta de compuestos fenólicos ha sido 
asociada con una baja prevalencia de enfermedades cardiovasculares, ya que en varios 
estudios se ha demostrado que el HDL circulante en plasma humano aumenta tras el 
consumo de aceite de oliva virgen (rico en compuestos fenólicos) [182, 212, 213]. 
Además, otro estudio demostró un descenso significativo de LDL y una alta resistencia 
a la oxidación de estas lipoproteínas, tras una semana del consumo de aceite de oliva 
virgen rico en compuestos fenólicos (253,36 mg/Kg de aceite de oliva) [214]. En la 
Tabla 3 se resumen algunos estudios enfocados a los efectos de los compuestos 








































Tabla 3. Estudios sobre los efectos del aceite de oliva con diferente concentración de 
compuestos fenólicos, sobre biomarcadores relacionados en procesos inflamatorios y 
oxidativos. 
 
Tratamiento y número de 
participantes 
Concentración 





VOO con alta concentración de 
CF vs aceite de oliva con baja 
concentración de CF.  
24 sujetos con enfermedad 
vascular periférica. 
12 semanas. 
Estudio cruzado [215]. 
800 vs 60 mg de 
CF (en CAE)/kg 
de aceite de oliva 
Lípidos plasmáticos 
y susceptibilidad de 
oxidación de LDL. 
Se encontró menos 
susceptibilidad de oxidación de 
LDL tras el consumo de VOO. 
No se observaron cambios en la 
concentración de lípidos 
plasmáticos. 
VOO con alto contenido de CF 
vs aceite refinado con baja 
concentración de CF. 
43 sujetos con enfermedad 
coronaria. 
49 días.  
Estudio cruzado [216]. 
161 vs 14,67 
mg/kg de aceite 
de oliva 
Niveles de LDL 
oxidada, peróxidos 
lipídicos, glutatión 
peroxidasa y lípidos 
plasmáticos.  
Tras la ingesta de VOO con alta 
concentración de CF hubo una 
disminución de LDL oxidada y 
peróxidos lipídos, y un 
incremento de glutatión 
persoxidasa.  
VOO con alta concentración de 
CF vs concentración moderada 
y concentración baja de CF.  
200 sujetos sanos. 
3 semanas. 
Estudio cruzado [182]. 
366 vs 164 vs 2,7 
mg de CF/kg de 
aceite de oliva 
Perfil lipídico, 
estado antioxidante 
de origen endógeno 
y exógeno. 
Se incrementaron los niveles de 
HDL tras el consumo de VOO 
con alto contenido de CF. 
Disminuyó de forma lineal en 
una manera dosis-dependiente, el 
daño oxidativo de lípidos 
(principalmente los relacionados 
con la oxidación de LDL) con el 
contenido de CF presente en los 
aceites.   
VOO con alta concentración de 
CF vs concentración moderada 
y concentración baja de CF.  
30 sujetos sanos. 
3 semanas.  
Estudio cruzado [217]. 
825 vs 370 vs 0 
!mol CAE/kg de 
aceite de oliva 
Lípidos plasmáticos 
y LDL oxidada 
Se incrementó la concentración 
de HDL y el contenido fenólico 
de LDL en una manera dosis-
dependiente con el contenido 
fenólico de los aceites de oliva 
administrados.  
 
VOO con alta concentración de 
CF vs baja concentración de 
CF. 
28 sujetos con enfermedad 
coronaria. 
3 semanas.  
Estudio cruzado [218]. 
161 vs 14,7 mg de 
CF/kg de aceite 
de oliva 
IL-6, PCR, sICAM-
1, sVCAM-1 y 
lípidos plasmáticos. 
IL-6 y PCR disminuyeron 
después del consumo de VOO 
con alta concentración en CF. No 
hubo cambios en sICAM-1, 
sVCAM-1 y lípidos plasmáticos. 
VOO con alto contenido de CF 
vs bajo contenido de CF. 
20 sujetos con SM [219]. 
398 vs 70 mg de 
CF/kg de aceite 
de oliva 
Expresión de genes 
inflamatorios. 
Se observó una disminución de 
la expresión de varios genes 
implicados en procesos 
inflamatorios tras la ingesta del 




VOO: aceite de oliva virgen; CF: compuestos fenólicos; CAE: equivalente de ácido cafeico; SM: 







3.3 Usos del aceite de oliva en la dieta Mediterránea 
 
 
El aceite de oliva tiene diversos usos culinarios en la dieta Mediterránea y puede 
variar desde su uso en crudo hasta en la elaboración de fritura. 
 
 
3.3.1 Empleo del aceite de oliva en el proceso de fritura 
 
El proceso de fritura tiene una importancia cultural remarcable en el 
Mediterráneo ya que está implícito en los hábitos alimentarios debido a diferentes 
aspectos: es el proceso más común de todos los métodos culinarios y es una técnica que 
necesita poco tiempo en la preparación de los alimentos e incrementa la palatabilidad de 
los mismos [220, 221]. 
Existen dos técnicas fundamentales de fritura: la superficial y la profunda. La 
primera se caracteriza por que el producto no está totalmente cubierto por el aceite y se 
realiza en sartenes o recipientes de poca profundidad y con bajo nivel de aceite. De esta 
forma, la parte sumergida se fríe mientras que la que sobresale del aceite se cuece 
gracias al vapor interno que se va desprendiendo del propio alimento. Esta técnica de 
fritura superficial (en sartén) puede repetirse un número de veces no muy elevado, dado 
que la cantidad de aceite no suele ser mucha y las alteraciones en el aceite aparecen 
pronto. Por otro lado, en la fritura profunda todo el alimento se encuentra sumergido y 
la modificación culinaria tiene lugar en todo el producto. Este proceso se realiza en 
sartenes de gran capacidad y freidoras domésticas o industriales en las cuales hay más 
volumen de aceite [222]. 
El uso de la freidora permite utilizar mayor volumen de aceite (normalmente 
entre 2,5 a 3 L), lo que condiciona que los productos de alteración queden más diluidos 
y permita por tanto un mayor número de frituras [220, 221]. Es difícil encontrar un 
criterio general en el número máximo de frituras a realizar, puesto que depende 
enormemente del tipo de aceite que se utilice. Por ejemplo, los aceites de semillas no se 
pueden utilizar muchas veces en frituras repetidas, comparándolo al aceite de oliva 
virgen, debido a que su estabilidad es menor, produciéndose antes y en mayor cantidad 
compuestos indeseables que alteran sus cualidades organolépticas y nutricionales [223-




aceite de palma, soja, girasol, canola y maíz, pero los cuales muestran poca capacidad 
antioxidante frente al proceso de oxidación que sufren sus ácidos grasos cuando son 
sometidos a altas temperaturas [147, 226-228]. Se ha reportado que un aceite debería no 
ser considerado adecuado para la fritura si este contiene mas de 2% de ácido linolenico 
[229]. 
Por otro lado, los aceites de semillas son más pobres en compuestos 
antioxidantes que el aceite de oliva, haciéndolos más vulnerables al calentamiento e 
incrementando la oxidación de lipoproteínas cuando son ingeridos [230]. Además, otros 
estudios han demostrado que, independientemente del tipo de ácidos grasos presentes en 
el aceite utilizado para freír, los aceites de semillas resisten menos al proceso de 
oxidación que el aceite de oliva debido al bajo contenido y composición de compuestos 
minoritarios como los tocoferoles, esteroles, hidrocarbonos, carotenoides y polifenoles 
[231]. 
En las últimas décadas, el aceite de oliva se ha ido sustituyendo para la fritura 
por otros aceites de semilla, como por ejemplo el aceite de girasol y no solo por 
cuestiones culinarias sino por su menor coste [232]. Por otra parte, en el ámbito de la 
fritura industrial, cada vez se está imitando más la costumbre de otros países 
industrializados al utilizar grasas que suelen ser mezcla de varios tipos de aceites a un 
precio más asequible, en especial aceite de palma, girasol y canola. Ello supone un 
incremento en el consumo de cantidades elevadas de ácido palmítico, el cual tiene 
propiedades aterogénicas [226]. No obstante, la elección del aceite de fritura es 
compleja, dado que está influenciada por múltiples factores, entre los que destaca el 
precio, el sabor, la influencia sobre la salud, rendimiento, etc. Estos factores tienen una 
jerarquía muy diferente a nivel doméstico que a nivel de restauración o institucional 
[220, 221].  
 
 
3.3.2 Métodos empleados para proteger aceites de semillas durante el   
calentamiento  
 
Debido a los cambios que se inducen en los aceites de semillas, cuando son 
sometidos a altas temperaturas y tiempos prolongados de calentamiento, así como la 




para mejorar su estabilidad, dentro de las cuales se encuentran la modificación de la 
composición de ácidos grasos y el uso de agentes antioxidantes. 
 
3.3.2.1 Modificación de la concentración de ácidos grasos. Debido a que 
existen estudios que indican que los aceites ricos en PUFA, como el aceite de girasol, 
son menos resistentes a la oxidación producida mediante la fritura e incrementa la 
peroxidación lipídica comparado al aceite de oliva, rico en MUFA, se han buscado 
distintas formas de modificar la composición lipídica de los aceites de semillas 
comerciales [233, 234]. El efecto que ejercen las distintas modificaciones en cuanto a la 
composición lipídica pretenden mejorar la estabilidad de los aceites en el proceso de 
fritura comparado con aceites originales no modificados. Algunos ejemplos de estas  
modificaciones son: aceites modificados en la composición de ácidos grasos, tales como 
aceite de girasol alto oleico/medio oleico, aceite de canola alto oleico/bajo linoleico, 
aceite de cártamo alto oleico y aceite de soja bajo linoleico. Sin embargo suelen tener un 
coste alto y su disponibilidad es limitada. Por tal motivo son necesarias otras opciones 
para mejorar dicha estabilidad a altas temperaturas [228]. 
 
3.3.2.2 Empleo de antioxidantes en los aceites de fritura. El proceso de 
oxidación de los ácidos grasos en los aceites de fritura se puede disminuir mediante el 
uso de antioxidantes que pueden ser de origen sintético o natural. 
 
Antioxidantes artificiales. Los aditivos para proteger la oxidación de los aceites 
durante el proceso de fritura representan una alternativa que retrasan su deterioro, por 
ejemplo, los antioxidantes artificiales como el butilhidroxianisol (BHA), 
butilhidroxitolueno (BHT) y butilhidroquinona terciaria (TBHQ) pueden proteger el 
aceite a temperatura ambiente y también en condiciones de calentamiento. Sin embargo, 
en diversos estudios se ha reportado que el BHA, BHT y TBHQ se volatilizan durante 
el proceso de calentamiento y por lo tanto son poco efectivos [228]. 
Otros aditivos que se han empleado son las siliconas, especialmente el 
dimetilpolisiloxano (DMPS), el cual utilizado a muy bajas concentraciones en los 
aceites incrementa su estabilidad a altas temperaturas durante el proceso de fritura 
[235]. El mecanismo de acción antioxidante del DMPS puede radicar en la formación de 




lo tanto la oxidación [236], o podría ser mediante un mecanismo iónico inhibiendo las 
reacciones de propagación oxidativa o la exposición de una superficie inerte que retrasa 
la acción del oxígeno [237]. La cantidad de DMPS presente en este tipo de productos no 
es de interés toxicológico, ya que la estimación más alta de la ingesta diaria admisible 
en el hombre es de 1,5 mg/Kg de peso corporal [238]. 
 
Antioxidantes naturales. Se ha demostrado que la generación de compuestos tóxicos 
durante la fritura esta asociada con la cantidad de antioxidantes presentes en el aceite, la 
temperatura y tiempo de calentamiento, así como el tipo de aceite utilizado [124]. Por lo 
tanto, otra forma de mejorar la estabilidad fisicoquímica de los aceites utilizados para 
freír, es la adición de antioxidantes naturales [239]. Algunos aceites vegetales contienen 
antioxidantes naturales per se, por ejemplo: el aceite de soja contiene tocoferoles; el 
aceite de palma, tocotrienoles; el aceite de sésamo, lignanos y el aceite de oliva virgen, 
compuestos fenólicos [128]. No obstante, se ha estudiado el uso de ácido cítrico en 
cantidades de 0,005% a 0,01% para ayudar a proteger los aceites de la oxidación 
térmica, sin embargo, el ácido cítrico se descompone a temperaturas por encima de los 
150 ºC [231].  
 
3.3.2.3 Compuestos fenólicos del aceite de oliva en el proceso de fritura. 
Entre los aceites vegetales, el aceite de oliva ha mostrado una estabilidad remarcable 
durante el proceso de fritura. Así, la resistencia al deterioro por elevadas temperaturas 
se ha atribuido a la presencia de antioxidantes como los compuestos fenólicos, 
contribuyendo además al incremento del valor nutricional de los alimentos fritos [240].  
Existen estudios que muestran cambios en el aceite de oliva tras el proceso de 
fritura, por ejemplo; Brenes et al., demostraron que durante el calentamiento a 180ºC se 
indujo un descenso en la concentración de los compuestos fenólicos, principalmente 
hidroxitirosol y oleuropeína aglicona, en relación al tiempo de calentamiento [241].  
Por otro lado, se determinó la concentración de compuestos relacionados con la 
termoxidación e hidrólisis en el aceite de girasol, aceite de oliva virgen y una mezcla de 
ambos aceites, y se demostró que tras 20 ciclos de fritura, el aceite de oliva mantuvo sus 
características con respecto a la mezcla de aceites y al aceite de girasol, probablemente 




Por último se ha determinado que el aceite de oliva independientemente de su 
categoría, es más resistente a la degradación bajo condiciones de fritura y los aceites 
vegetales como el aceite de girasol al ser deficientes en compuestos bioactivos como los 
fenoles, son más susceptibles a la oxidación y contribuyen al incremento en la 
concentración de ácidos grasos oxidados [231]. 
 
Los estudios realizados hasta el momento sobre este tema, se basan 
principalmente en la estabilidad química o efectos a nivel químico sobre los aceites 
utilizados en el proceso de fritura, así como la influencia de la temperatura y tiempos de 
calentamiento al que se exponen. Sin embargo, son pocos los estudios enfocados en la 
relación que existe entre el consumo de aceites utilizados para freír, así como la 
influencia de compuestos fenólicos presentes en los mismos, y la incidencia de ambos 


































El aceite de oliva es tradicionalmente el principal alimento que garantiza el 
aporte nutricional de grasas monoinsaturadas en el modelo de dieta típica Mediterránea. 
Una de las aplicaciones culinarias más utilizadas de dicho aceite es en la preparación de 
frituras, las cuales son ampliamente consumidas gracias a su fácil y rápida elaboración y 
a las características organolépticas que adquieren los alimentos tras este proceso de 
calentamiento. Actualmente se ha demostrado un incremento del consumo de alimentos 
fritos en personas obesas, que se relaciona directamente con la hipertensión y la 
disfunción endotelial, ambos factores implicados en el desarrollo de la enfermedad 
cardiovascular y la aterosclerosis [147, 159, 160]. A su vez, la obesidad como un factor 
de riego para el desarrollo de la aterosclerosis se caracteriza por un estado 
proinflamatorio que se relaciona con un estado prooxidante en el organismo. Dichos 
procesos inflamatorios y oxidativos se acentúan significativamente durante el periodo 
postprandial, pero pueden ser atenuados por la presencia de antioxidantes en la dieta. En 
este sentido, se ha demostrado que la ingesta de una comida rica en aceite de oliva 
inhibe en fase aguda, la activación postprandial del factor de transcripción NF-!B en 
PBMCs de personas sanas, respecto a una dieta típica occidental [116]. Otros estudios 
han demostrado que el efecto protector del aceite de oliva está influenciado por su 
contenido en compuestos fenólicos, capaces de atenuar los fenómenos proinflamatorios 
y prooxidantes [219, 243]. 
 
Nuestra hipótesis es que la presencia de compuestos fenólicos en aceites 
sometidos a un proceso estandarizado de fritura, inducen menor respuesta inflamatoria y 
estrés oxidativo postprandial en personas obesas. La hipótesis nula es que los 
compuestos fenólicos presentes en aceites sometidos a un proceso estandarizado de 












Olive oil is traditionally the main source of fat that ensures the nutritional intake 
of monounsaturated fats in the Mediterranean dietary pattern. One of the culinary 
applications of olive oil is for preparing fried foods, which are widely consumed due to 
their quick, easy preparation and the organoleptic characteristics of food purchased after 
this heating process. There has been a recent increase in the consumption of fried foods 
in obese people, which has been directly linked to hypertension and endothelial 
dysfunction, both of which lead to the development of cardiovascular disease and 
atherosclerosis [147, 159, 160]. In addition, obesity as a risk factor in the development 
of atherosclerosis is characterized by a proinflammatory state, which is linked to a 
prooxidant state in the organism. These states are significantly increased in the 
postprandial period. In this sense, it has been shown that the acute intake of a meal rich 
in olive oil inhibits the postprandial activation of NF-kB in PBMCs from healthy 
individuals, compared to a typical Western diet [116]. Other studies have shown that the 
protective effect of olive oil is influenced by their content of phenol compounds, which 
are capable of moderating the proinflammatory and prooxidant phenomena [219, 243]. 
 
Our hypothesis is that the presence of phenolic compounds in oils subjected to a 
standardized frying process leads to lower inflammatory response and postprandial 
oxidative stress, after their intake by obese people. The null hypothesis is that the 
phenolic compounds present in these oils have no anti-inflammatory and antioxidant 



































































Estudiar el efecto de los compuestos fenólicos presentes en aceites sometidos 
a un proceso estandarizado de fritura, sobre la respuesta inflamatoria postprandial 
mediada por el factor de transcripción NF-!B en células mononucleares de sangre 
periféricas (PBMCs) de personas obesas. 
 
Objetivos secundarios 
1. Determinar el efecto de la ingesta de aceites fritos con y sin compuestos 
fenólicos, sobre la respuesta inflamatoria postprandial de personas obesas, 
evaluando la activación de NF-!B en la fracción nuclear y la concentración 
citoplasmática de la proteína I!B-", así como la expresión de los genes 
proinflamatorios p65, I!B-", IKK#, IKK", TNF-", IL-6, IL-1#, IL-8, MIF, 
JNK, MMP9 y MCP-1 en PBMCs. Adicionalmente, determinar la 
concentración plasmática de lipopolisacáridos (LPS) y moléculas 
proinflamatorias como IL-6, TNF-", VCAM-1, ICAM-1, MCP-1, MMP9 y 
sCD40L. 
2. Estudiar el efecto de aceites fritos con y sin compuestos fenólicos sobre el 
estrés oxidativo postprandial en personas obesas, mediante la determinación 
de la concentración citoplasmática y nuclear del factor de transcripción Nrf2, 
así como la expresión de los genes gp91phox, p22phox, p47phox, p67phox, p40phox, 
NRF2, SOD1, SOD2, CAT, GPX, TrxR, GSR, GSTP1 y TXN en PBMCs. 
Adicionalmente, determinar la actividad enzimática en plasma del superóxido 
dismutasa (SOD) y del glutatión peroxidasa (GPx), así como la concentración 
del glutatión reducido (GSH), glutatión oxidado (GSSG) y la ratio 
GSH/GSSG. 
3. Identificar mediante cromatografía líquida acoplada a un espectrómetro de 
masas, los metabolitos excretados en orina de personas obesas, tras la ingesta 
de aceites con y sin compuestos fenólicos y sometidos a un proceso 










To study the effect of the phenolic compounds present in oils subjected to a 
standardized frying process, on the postprandial inflammatory response mediated by 
the transcription factor NF-!B in peripheral blood mononuclear cells (PBMCs) from 
obese persons.   
 
Secondary objectives 
1. To determine the effect of the intake of frying oils with and without phenolic 
compounds on the postprandial inflammatory response of obese people, 
assessing the NF-!B activation, the IKB-" concentration in cytoplasmic 
fraction, and the expression of proinflammatory genes such as p65, IKB-!, 
IKK", IKK!, TNF-!, IL-6, IL-1", IL-8, MIF, JNK, MMP9, and MCP-1 in 
PBMCs. Additionally, to determine the plasma concentration of 
lipopolysaccharide (LPS) and proinflammatory molecules such as IL-6, TNF-
!, VCAM-1, ICAM-1, MCP-1, MMP9 y sCD40L 
2. To study the effect of frying oils with and without phenolic compounds on 
the postprandial oxidative stress in obese people, determining the cytoplasmic 
and nuclear concentration of the transcription factor Nrf2, and the gene 
expression of NRF2, gp91phox, p22phox, p47phox, p67phox, p40phox, SOD1, SOD2, 
CAT, GPX, TrxR, GSR, GSTP1 and TXN in PBMCs. Additionally, to 
determine the enzymatic activity in plasma of the superoxide dismutase 
(SOD) and glutathione peroxidase (GPx), and the concentration of the 
substrates reduced glutathione (GSH), oxidized glutathione (GSSG) and the 
ratio GSH/GSSG. 
3. To identify, by liquid chromatography with mass spectrometry, the 
metabolites excreted in urine of obese people, after the intake of oils with and 




















































V. PARTICIPANTS AND METHODS 
 
 
1. Study population 
 
 
1.1 Sample size calculation 
 
 
This study has been developed with the following points: 
• Primary variable of the study: activation of NF-!B after the intake of four frying 
oils with or without phenolic compounds.  
• Standard deviation of the primary variable: 1.2 
• Minimum difference expected: 1 (H0 = 2.31, H1 = 1.31, r = 0.6) 
• Risk alpha = 0.05 
• Potency (1-") = 0.90 
• Estimated losses: 10% 
Based on these premises we needed at least a total of 12 participants in the study. 
 
1. 2 Inclusion criteria 
 
 
We chose obese participants with body mass index (BMI) between 30 to 40 
kg/m2. Postmenopausal women and men over 20 years old were non-diabetics and non-
smokers, without clinical manifestations of cardiovascular disease and metabolic 
syndrome and not under treatment. None of the participants were taking medication or 
vitamins known to affect plasma lipids.  
 
 
1.3 Exclusion criteria 
 
 
We excluded participants with BMI greater than 40 and less than 30 kg/m2, 
fasting glucose above 110 mg/dL. Also were excluded subjects with evidences of 
chronic diseases (hepatic, renal, thyroid or cardiac). Other exclusion criteria were taking 
medication for hypertension, cholesterol or vitamins supplements during 6 months prior 





1.4 Study participants 
 
 
The study population consisted of twenty obese participants which were 
underwent a medical history and physical examination. We collected data about family 
medical history, personal history of heart disease, liver, kidney, thyroid, hypertension, 
diabetes, physical activity and regular consumption of alcohol and tobacco. 
Anthropometric measurements (weight, height and waist perimeter) and blood pressure 
were taken. The BMI was calculated [weight (Kg)/height (m2)] for all study 
participants. The participants were informed about of the dietary intervention study and 
all participants signed an informed consent document. The study protocol was approved 
by the Hospital’s Human Research Review Committee, and complied with the 
guidelines of “Good Clinical Practice”. The baseline characteristics of the twenty 
participants are showed in the Table 1.  
 
 
Table 1. Baseline characteristics of the study participants. 
Variable Units Average ± SEM 
BMI kg/m2 37.3 ± 0.8 
Waist perimeter  cm 113.7 ± 2.7 
Age  years 56.3 ± 1.4 
Total cholesterol  mg/dL 201.1 ± 6.2 
Triglycerides  mg/dL 102.9 ± 6.1 
LDLc  mg/dL 130.2 ± 5.2 
HDLc  mg/dL 50.8 ± 2.1 
Glucose  mg/dL 100.9 ± 0.9 
Insulin  mU/L 10.7 ± 0.5 
HOMA  index 2.7 ± 0.1 
BMI: Body Mass Index; LDLc: Low density lipoprotein cholesterol; 
HDLc: High density lipoprotein cholesterol; HOMA: Homeostasis 
















2.1 Dietary intervention study 
 
 
Twenty obese participants received four breakfasts after 12 hours in fasting 
state. The breakfasts were given as skimmed milk and muffins, prepared with four 
different oils previously to undergo to a standard frying process of 20 cycles. Each cycle 
consisted of a heating phase at 180 ° C during 5 minutes, following the method 
described by Romero, et al [244]. Each breakfast contained 0.45 mL of oil per kilogram 
of body weight, 3 mg of cholesterol and 40 equivalent units of retinol, both per 
kilogram of body weight, with a caloric distribution of 56% fat, 9% protein and 35% 




Table 2. Composition of different frying oils used in the study. 
Oil Description 
Virgin Olive oil 
(VOO) 
75% MUFA, 11.1% PUFA, 18.4% SAFA. 
With 400 ppm of natural phenol antioxidants. 
Sunflower oil 
(SFO) 
34.3% MUFA, 58.3% PUFA, 7.3% SAFA. 
Without added antioxidant. 
Mixed seed oil with 
dimethylpolysiloxane 
(SOX) 
71.8% MUFA, 18% PUFA, 10.2% SAFA. 
Mixed seed oil (30% high-oleic sunflower and 70% of canola) 
enriched with 2 mg/kg of the artificial antioxidant 
dimethylpolysiloxane. 
Mixed seed oil with  
phenol compounds 
(SOP) 
76.7% MUFA, 17.6% PUFA, 5.8% SAFA. 
Mixed seed oil (30% high-oleic sunflower oil and 70% canola oil) 
enriched with 400 ppm of phenolic compounds extracted from 
alperujo (Residue in the olive oil industry). 
MUFA: Monounsaturated fatty acid; PUFA: Poliunsaturated fatty acid; SAFA: Saturated fatty acid. 
 
 
The breakfasts were administered following a randomized crossover design with 
two weeks washout period between them and following a latin square design that 













Figure 1. Randomization flow chart of the study and subjects distribution in 
each breakfast. VOO: Virgin olive oil. SFO: Sunflower oil. SOX: Mixed 
seed oil enriched with 2 mg/Kg of dimethylpolysiloxane. SOP: Mixed seed 
oil enriched with phenolic compounds extracted from alperujo (residue of 
olive oil production). 
 
 
For the simulated deep-frying, two liters of each oil were placed in a stainless 
deep fryer. The oils were heated to 180 ± 5 ºC for 5 min ten times every day for two 








3.1 SOP enrichment with phenolic compounds and frying process 
 
 
The enrichment with phenolic compounds extracted from the residue of olive-oil 
production —alperujo— to a mixed seeds oil, was carried out by the method reported 
by Girón et al., [177].  
 
 




The concentration of phenolic compounds in oils (VOO and SOP) was 
determined both overall (Folin–Ciocalteu method), and individually (following 
























chromatographic separation), this methods were previously reported by Girón et al., 
[177]. 
 
Extraction of phenolic compounds from SOP. Aliquots of ca 2-g enriched oil were 
shaken for 30 min with 20 mL methanol and 2 mL hexane. The methanolic phase, 
which contained the phenolic compounds, was removed by centrifugation, evaporated 
for pre-concentration and stored at –20 ºC for subsequent analysis. 
HPLC-DAD separation-quantification. The method applied was the proposed by 
International Oleic Council (IOC) for the individual measurement of phenolic 
compounds in olive oil. The analytical column used was a 250 ! 4 mm i.d., 5 µm, 
reversed phase Inertisil ODS-2; the injection volume 10 µL; and the mobile phase a 
mixture of A (water acidified with 0.2% phosphoric acid) and B (acetonitrile–methanol, 
1:1 v/v) at 1 mL/min. An initial linear gradient elution from 0 to 50% B in 40 min was 
followed by other linear elution gradient from 50 to 60% B in 5 min and a third gradient 
from 60 to 100% B in 10 min. Finally, the instrument was kept under isocratic 
conditions (100% B) for 2 min. A 5 min equilibration step enabled the initial conditions 
and mobile phase stabilization to be reached. The eluted phenols were monitored at 230, 












Venous blood samples were collected in tubes containing 1 mg/dL of 
ethylenediaminetetra acetic acid (EDTA) after 12 hours in fasting state and at 2 and 4 
hours after the ingestion of the breakfast. Blood samples of 15 mL were diluted 
volume/volume (v/v) in phosphate buffered saline (PBS) and were separated in Ficoll 
gradient (lymphocyte isolation solution, Axis-Shield, Oslo, Norway) by centrifugation at 
800 x g during 20 min at 20 ºC. PBMCs were collected and washed twice with cold 




2 hydroxyethyl piperazine-N´-2-ethanesulfonic acid (HEPES) [pH 7.8], 15 KCl, 2 
MgCl2, 1 EDTA, 1 dithiothreitol (DTT), 1 phenylmethylsulfonyl fluoride (PMSF)] to 
protein analysis, and the second fraction was stored as dry pellet to RNA isolation. All 
samples were stored frozen at -80 ºC. 
 
 
4.2 Isolation of plasma 
 
 
Immediately after the collection blood samples, we proceeded to the separation 
of plasma by centrifugation (800 x g during 15 min at 4 ºC). The plasma samples were 
stored in aliquots at -80 ºC until their use to avoid inter-assay variations.  
 
 
4.3 Lipids analysis and biochemical measurements 
 
 
The lipid parameters were assessed with the modular autoanalyzer DDPPII 
Hitachi® (Roche Diagnostics Basel Switzerland), using specific reagents (Boehringer-
Mannheim, Mannheim, Germany). Total cholesterol, triglycerides and HDLc levels 
were made by colorimetric enzymatic methods [245-247]. The LDLc values were 
calculated by the total cholesterol, triglycerides, and HDLc values using the Friedewald 
formula [248]. Apolipoproteins A-1 and B were determined by immunoturbidimetry 
[249]. Plasma glucose concentration was measured by the hexokinase method with an 
Architect-CG16000 analyzer (Abbott Diagnostics, Tokio, Japan) and plasma insulin 
concentration was measured by chemiluminescence with an Architect-I2000 analyzer 








5.1 Extraction of nuclear and cytoplasmatic proteins 
 
 
After thawing the samples stored in buffer A, was added 1% NP40 and 10 




centrifuged at 16.000 x g at 4 °C for 5 min, and the supernatants stored as cytoplasmatic 
extracts. The pellets containing the nuclear fraction were resuspended in buffer C 
[mmol/L: 20 HEPES; pH 7.5, 400 NaCl, 1 EDTA, 1 EGTA, 1 DTT, 1 PMSF with 10 
µg/mL protease inhibitor cocktail] and incubated on ice for 20 min. Next the suspension 
was centrifuged at 16.000 x g for 5 min at 4 °C and the supernatant was collected as the 
nuclear extract. The protein concentration was quantified by the Bradford’s method 
[250] with the Bio-Rad protein assay (Bio-Rad Laboratories, Inc., Hercules, CA, USA). 
 
 
5.2 Determination of NF-!B protein levels (p65 subunit) by EMSA  
 
 
The Electrophoretic Mobility Shift Assays (EMSA) was performed using 
nuclear extracts from PMBCs at fasting state and 4 hours after the intake of breakfasts 
containing frying oils. The nuclear extracts were tested for NF-!B -binding activity 
using consensus oligonucleotides (Santa Cruz Biotechnology, Santa Cruz, CA, USA) 








Following the manufacturer's instructions and with 15 "g of nuclear protein 
were detected levels of p65 (RelA) with the CSPD chemiluminescent substrate exposing 
the Hyperfilm (Amersham Biosciences, Chandler, AZ, USA) in a film holder for 4 hours 
at room temperature. After development, films were scanned in a GS-800 calibrated 
densitometer and the signal was quantified using the Quantity One 4.6.5 software 
(BioRad Inc., Hercules, CA, USA). 
 
 
5.3 Protein levels of I!B-" and Nrf2 proteins by Western Blotting  
 
 
Electroforesis (SDS-PAGE) was carried out with 70 µg of cytoplasmic extracts 




determinate Nrf2 protein. After the SDS-PAGE in gels (12% polyacrylamide), proteins 
were transferred to nitrocellulose membranes (Bio Trace NT Membrane,PALL Gelman 
Laboratory, Port Washington, NY, USA) in a semi-dry transfer . The membranes were 
stained using Ponceau-S stain method to check protein load and scanned in order to 
quantify the total protein loaded. Next the membranes were washed and blocked with 
skimmed milk and incubated overnight at 4°C with primary polyclonal anti-I!B-" 
(1:400) and anti-Nrf2 (1:500) antibodies (Santa Cruz Biotechnology, Santa Cruz, CA, 
USA). After incubation with primary antibodies the membranes were incubated with 
secondary antibody [anti-rabbit IgG (1:10.000), conjugated to HRP (Santa Cruz 
Biotechnology, Santa Cruz, CA, USA)].  
The protein detection in the membranes was carried out with the 
chemiluminescence kit Luminol Reagent Detection System (Santa Cruz Biotechnology, 
Santa Cruz, CA, USA). The films were scanned in a GS-800 calibrated densitometer and 
the bands signal corresponding to I!B-" and Nrf2 proteins were quantified by Quantity 








Endotoxin (LPS) was measured by a limulus amebocyte lysate test (QCL-1000; 
Lonza Iberica S.A. Barcelona, Spain). All procedures were performed under non-
pyrogenic conditions. Plasma samples at 0, 2 and 4 hours after the intake, were diluted 
1:5, mixed with limulus amebocyte lysate and incubated at 37 ºC for 10 min. The 
substrate solution was then mixed with the LAL-sample and incubated at 37 ºC for 6 
min. The reaction was stopped with stop reagent. If the endotoxin was present in the 
plasma, a yellow color developed. The absorbance of the coloured solution was read at 
405 nm. The recovery of spiked lipopolysaccharide was between 50 and 200%. The 
sensitivity of the assay was 0.005 Ehrlich units/mL (0.5 pg/mL). Intra- and inter-assay 












The determination of free fatty acids (FFAs) was performed using the 
colorimetric Half-Micro Test Kit (Roche Diagnostics, Basel, Switzerland) in plasma 
samples. The measurements were made for the four oils at fasting state, 2 and 4 hours 
after the intake of the breakfast. The procedure was performed according to standard 
Kit. To determinate the quantification of FFAs we used a spectrophotometer DU-640 
(Beckman Coulter, Brea, CA, USA). The absorbance was determined with the following 
formula:  
!A = !As - !Ab 
Where: 
!As = difference of the white 
!Ab = difference of the samples 
The final fatty acid concentration was calculated with the following formula: 
Where: 
V = final volume (mL) 
v = sample volume (mL) 
d = light path (cm) 








8.1 mRNA isolation from PBMC 
 
 
Samples of PBMCs at fasting state, 2 and 4 hours stored in dry pellet were used 
for isolation of mRNA using Tri Reagent (Sigma, St Louis, Mo, USA), according to the 
manufacturer’s instructions and quantified with a Beckman coulter DU-660 
spectrophotometer (Beckman Coulter, Brea, CA, USA). RNA integrity was checked on 




 8.2 Elimination of interfering DNA by DNAse digestion 
 
 
To eliminate DNA contamination in the samples, we proceeded using AMP-D1 
Kit (Sigma, St Louis, Mo, USA).  We re-suspended 1 mg of RNA in 7 mL of RNase-free 
water, then we added 1 mL of 10x Reaction Buffer (mmol/L: 200 Tris-HCl at pH 8.3, 
20 MgCl2) and 1 mL of Amplification Grade DNase I (mmol/L: 1 unit/mL in 50% 
glycerol, 10 Tris-HCl at pH 7.5, 10 CaCl2 and 10 MgCl2). We incubated for 45 min at 
30 °C and added 1 mL of Stop Solution (50 mmol/L EDTA) to inactivate the DNase I. 
The samples were heated at 10 min during 70 °C to denaturation the DNase I, and 
placed on ice to subsequently perform reverse transcription. 
 
 
8.3 cDNA synthesis by reverse transcription 
 
 
For the reverse transcription we used iScript cDNA Synthesis Kit (BioRad Inc., 
Hercules, CA, USA). The purpose of the Kit is a DNA polymerase enzyme that 
transcribes single-stranded RNA into double-stranded DNA. We used 1 !g of DNase-
free RNA using the following composition of reagents: 
 
 Reaction volume 
5X iScript reaction mix 4 !L 
iScript reverse transcriptase 
Nuclease-free water 






The final volume was 20 µL and the incubation conditions used in the thermal 
cycler MJ Thermal Cycler Personal mini™ closure (BioRad Inc., Hercules, CA, USA) 
were: 25 ° C for 5 min, 42 ° C for 30 min and 85 ° C for 5 min. We stored the DNA 









8.4 Gene expression analysis by real time RT-qPCR 
 
 
Real-time PCR reactions were carried out using the OpenArray ™ NT Cycler 
system (Applied Biosystems, Carlsbad, CA, USA) according to the manufacturer’s 
instructions. The gene expression analysis was performed in samples from 12 subjects 
by duplicated at fasting state, 2 and 4 hours after intake of the four breakfasts. Primer 
pairs were selected from the database TaqMan Gene Expression assays (Applied 
Biosystems, Carlsbad, CA, USA) https://bioinfo.appliedbiosystems.com/genome-
database/gene-expression.html, for the genes showed in Table 3. The data set was 
analyzed by OpenArray® Real-Time qPCR Analysis Software (Applied Biosystems, 








9.1 Determination of IL-6 and TNF-! in human plasma 
 
 
The IL-6 and TNF-! levels in plasma were measured with the Enzyme linked 
inmunoabsorvent assay Kit (ELISA) R&D Systems (BioRad Inc., Hercules, CA, USA) 
of high sensitivity. The procedure was performed according to the manufacturer´s 
instructions. The optical density was determined using the plate reader DTX 880 
Multimode Detector Coulter® (Beckman Coulter, Brea, CA, USA) at 490 nm with a 














Table 3. Genes measured by PCR to real time. 
Official symbol Official full name 
Inflammatory genes panel 
p65 (RelA) V-rel reticuloendotheliosis viral oncogene homolog A (avian) 
I!B-" Nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor, 
alpha 
IKK! Inhibitor of kappa light polypeptide gene enhancer in B-cells, kinase beta 
IKK" Conserved helix-loop-helix ubiquitous kinase 
TNF-" Tumor necrosis factor 
IL-1! Interleukin 1, beta 
IL-6 Interleukin 6 (Interferon, beta 2) 
MIF Macrophage migration inhibitory factor (glycosylation-inhibiting factor) 
JNK1 Mitogen-activated protein kinase 8 
IL-8 Interleukin 8 
Oxidative stress genes panel 
gp91phox Cytochrome b-245, beta polypeptide 
p22phox Cytochrome b-245, alpha polypeptide 
p47phox Neutrophil cytosolic factor 1 
p67phox Neutrophil cytosolic factor 2 
p40phox Neutrophil cytosolic factor 4 
NRF2 Nuclear factor (erythroid-derived 2)-like 2 
SOD1 Superoxide dismutase 1 
SOD2 Superoxide dismutase 2 
CAT Catalase 
GSTP1 Glutathione transferase pi-1 
GSR Glutathione reductase 
TXN Thioredoxine 
TrxR Thioredoxin reductase 1 
GPX1 Glutathione peroxidase 1 
GPX4 Glutathione peroxidase 4 
 
 
9.2 Determination of pro-inflammatory molecules 
 
 
We determinate by flow cytomix technique (Bender Med Systems, San Diego, 
CA, USA) the following molecules: vascular cell adhesion protein-1 (VCAM-1), inter-
cellular adhesion molecule 1 (ICAM-1), monocyte chemotactic protein (MCP-1), matrix 




tumoral receptors (sTNF-R), macrophage inflammatory proteins-! (MIP-1!) and 
plasminogen activator inhibitor-1 (PAI-1) according to the manufactures guidelines. 








Total superoxide dismutase (SOD; E.C: 1.15.1.1) activity was determined by 
colorimetric assay in plasma at wavelengths of 525 nm by a UV-1603 
spectrophotometer  (Shimadzu, Kyoto, Japan) according to the method described by 
McCord and Fridovich, et al. [251]. The glutathione peroxidase (GPx; E.C.: 1.11.1.9) 
activity was evaluated in plasma by the Flohé and Gunzler method [252, 253]. The GPx 
assay is based on the oxidation of NADPH to NAD+, catalyzed by a limiting 
concentration of glutathione reductase, with maximum absorbance at 340 nm by a UV-
1603 spectrophotometer (Shimadzu, Kyoto, Japan). Reduced glutathione (GSH) and 
oxidized glutathione (GSSG) content were carried out in plasma samples using 
BIOXYTECH® GSH-400 Kit (OXIS International Inc., Portland, OR, USA) and GSH-








11.1 Urine samples and samples preparation 
 
 
The urine samples of 20 obese people were collected after 12 hours in fasting 
state and at 4 hours after the ingestion of the breakfast rich in frying oils. The urine 
samples were centrifuged to 16.000 x g for 10 min at 4°C and then 50 "L of each 
sample was thoroughly mixed by vortex with 150 "L of water (1:3). A “quality control” 
(QC) sample was prepared by mixing equal volumes (20 "L) from each sample. This 




the analytes that will be encountered during the analysis and had the same dilution with 
water (1:3). The vials were centrifuged again at 2.000 x g for 5 min at 4°C and after 
were evaporated under a nitrogen flow. Finally the dried extracts were stored at -80°C 
in two equal parts (extract 1 and 2).  
Before analysis, the dry extracts 1 were solubilized with 500 !L of water 
containing 0.1% formic acid for positive electrospray ionization (ES+). 
Urine samples were centrifuged at 16.000 x g for 10 min and then were diluted 
with water 350/1050 !L. Mixtures were centrifuged at 2.000 x g for 5 min and then 
placed in the liquid chromatography coupled to mass spectrometry (LC-MS) 
autosampler (at 4ºC).  
 
 
11.2 LC-MS analysis 
 
 The samples were analyzed on an Agilent 1200 RRLC coupled to a Brüker 
microTOF ESI-hybrid quadrupole-time of flight mass spectrometer (Wissembourg, 
France). The liquid chromatography conditions were: autosampler set at 4ªC; column 
EC 100/2 Nucleodur C18 pyramid, particle size 1.8 !m (Macherey-Nagel, Les Ulis, 
France); started from solvent A (95% water, 5% acetonitrile, 0.1% formic acid) to 
solvent B (95% acetonitrile, 5% water, 0.1% formic acid) from 0-10 min at 0.4 mL/min 
at 40ºC column oven; thereafter switched to 95% A to 5%B for 6 min, held 2 min, and 
then returned to 100% A for 5 min. 
 The mass spectrometry (MS) conditions were as follows: full scan mode from 
m/z 50 to m/z 1500; capillary kV, 4.5; capillary temperature, 200ºC; cone voltage at 
40V; drying gas flow set at 10 L.min-1 and nebulizing gas pressure (nitrogen) at 2.4 








All the data presented are expressed as mean values and typical error. The 
Statistical analysis was performed using PASW Statistics, Version 18 (Chicago,  IL, 




measures. The Greenhouse-Geisser contrast statistic was used when the sphericity 
assumption was not satisfied. In this analysis we studied the overall oil influence (global 
ANOVA, p for oil influence [po]), the kinetics of the postprandial response (p for time 
[pt]) and the interaction of the two factors (time*oil [pi]). When post-hoc test analyses 
were pertinent, we used multiple comparisons test with the Bonferroni´s correction. A p 
value <0.05 was considered significant. 
 
 
12.1 Statistical Analysis of metabolomics analysis 
 
 
The raw data from LC MS were deconvoluted using data analysis software 
(XCMS Smith, et al. [254]). Several filtration methods were used to ensure proper 
quality data and reduce the number of data  
 Principal component analysis (PCA) was used for the evaluation of the 
analytical variability of QCs across the data acquisition. The partial least-squares 
discriminant analysis (PLS-DA) was used to find directions in a multivariate space for 
maximum separation of observations belonging to different classes.  
 We compared for each diet, the difference between the metabolite profile before 
(fasting time) and after the four breakfasts containing the frying oils (4 hour in the 
postprandial state). For the identification of metabolites, we used on the basis of their 
exact mass, which was compared to those registered in the Human Metabolome 
Database (HMDB; www.hmdb.ca) and in the Aberystwyth University High Resolution 


















































1. Determination of phenolic compounds in VOO and SOP 
 
 
The enrichment method for SOP-oil was successful. In general, the content of 
phenolic compounds in VOO and SOP has remained after 20 cycles of heating (Table 
1). However, the heating process differentially affected the phenols present in the raw 
oils. The major phenolic compound in olive oil, hydroxytyrosol was undetectable after 
the frying process in VOO, but was present, although at a lower concentration, in SOP. 
tyrosol withstood the heating processes better than hydroxytyrosol, with approximately 
38% less in VOO and 30% less in SOP. Furthermore, between 60 - 100% of the 
conjugated forms of oleuropein and luteolin, apigenin, p-coumaric acid and vanillinic 
acid remained after the heating process in VOO and SOP. 
 
 




VOO: virgin olive oil. SOP: Mixed seed oil enriched with phenolic compounds extracted from 
alperujo (residue of olive oil production). C-0: Cycle 0. C-20: Cycle 20. ND: not detected. % 
R: Percentage of phenolic compounds remaining in the oils after the heating process.  






  VOO SOP 
Phenol %RSD1 C-0 C-20 % R C-0 C-20 % R 
Hydroxytyrosol (5.5) 12.39 ND 0.0 13.51 4.10 30.3 
Tyrosol (7.3) 7.98 4.89 61.3 11.76 8.46 71.9 
Oleuropein aglycone (6.6) 5.88 1.13 19.2 1.16 1.70 146.6 
Oleuropein aglycone 
dialdehyde form 
(3.2) 1.52 1.01 66.4 1.82 2.57 141.2 
Luteolin (2.2) 3.02 0.13 4.3 2.43 2.10 86.4 
Apigenin (3.0) 1.64 1.28 78.0 2.18 2.14 98.2 
p-Coumaric acid (4.8) 1.29 1.17 90.7 1.97 1.51 76.6 
Vanillinic acid (2.2) 1.22 1.42 116.4 4.61 3.33 72.2 








After the intake of the four breakfasts containing four different frying oils, we 
created a situation of postprandial lipemia, as assessed by the increase of biochemical 
parameters in a given time (all diets p<0.05 for postprandial biochemical parameters 
versus fasting state). Our results show a significant increase over time in all the 
parameters analysed. However, we did not observe significant changes when comparing 
different oils (Table 2).  
 
 
Table 2. Biochemical parameters in postprandial lipemia1 
 
BP: Biochemical parameters. TC: Total cholesterol. TG: Triglycerides. VOO: Virgin olive oil. 
SFO: Sunflower oil. SOX: Mixed seed oil enriched with 2 mg/Kg of dimethylpolysiloxane. 
SOP: Mixed seed oil enriched with phenolic compounds extracted from alperujo (residue of 
olive oil production).  T0: fasting state. T2: 2nd hour after the intake of the breakfasts. T4: 4th 
hour after the intake of the breakfasts.  po: oil effect.  pt: postprandial time effect. pi: oil vs time 
interaction. 1Values are the mean ± SEM (all such values). 2p<0.05: vs fasting state. 3p < 0.05: vs 






BP Time VOO SFO SOX SOP Statistic 
TC 
(mg/dL) 
T0 208.5 ± 7.2 199.1 ± 7.1 200.7 ± 6.8 203.6 ± 8.5 po=0.547 
T2 196.4 ± 5.72 193.3 ± 6.82 194.8 ± 7.32 186.7 ± 10.32 pt<0.001 
T4 200.9 ± 5.6 198.8 ± 7.12 196.5 ± 6.5 197.6 ± 7.7 pi=0.295 
cHDL 
(mg/dL) 
T0 50.4 ± 1.9 51.2 ± 2.2 49.2 ± 1.9 52.2 ± 2.7 po=0.421 
T2 46.6 ± 1.92 48.6 ± 2.52 46.6 ± 1.92 47.4 ± 2.62 pt<0.001 
T4 46.6 ± 1.92 49.3 ± 2.2 46.0 ± 1.72 47.8 ± 2.52 pi=0.151 
cLDL 
(mg/dL) 
T0 137.8 ± 5.8 125.5 ± 6.2 129.7 ± 6.12 130.0 ± 6.32 po=0.050 
T2 121.5 ± 4.82 114.1 ± 5.72 116.8 ± 6.22 113.3 ± 6.02 p
t<0.001 




T0 99.6 ± 6.1 110.5 ± 7.5 115.2 ± 8.4 110.3 ± 7.7 p
o=0.056 
T2 139.4 ± 8.02 151.4 ± 8.82 155.0 ± 10.32 160.2 ± 11.12 p
t<0.001 




T0 130.9 ± 4.2 139.6 ± 3.3 128.6 ± 3.5 140.9 ± 4.4 p
o=0.001 
T2 124.5 ± 3.72 137.3 ± 3.52 124.5 ± 3.92 135.2 ± 4.52 pt<0.001 




T0 93.8 ± 3.8 94.2 ± 4.4 91.0 ± 4.0 96.4 ± 4.6 po=0.411 
T2 88.6 ± 3.52 89.7 ± 4.02 88.1 ± 4.4 91.0 ± 4.62 p
t<0.001 












We determined the effect of the acute intake of four frying oils on postprandial 
NF-!B activation by EMSA (Figure 1a). The intake of VOO- (p=0.029) and SOP-
breakfast (p=0.009) decreased postprandial NF-!B activation in PBMCs (-4 ± 1.7 and -
7 ± 3.1 arbitrary units, respectively) compared with the fasting state, while we did not 
observe changes after the consumption of SFO- and SOX-breakfasts. 
The levels of I!B-" protein (inhibitory protein of NF-!B in the cytoplasmic 
fraction) were studied in PBMCs by western blotting after the intake of the frying oils 
(Figure 1b). The intake of VOO- (p=0.002) and SOP-breakfasts (p=0.028) induced a 
postprandial increase in I!B-" protein levels (4.2 ± 1.8 and 2.1 ± 0.9 arbitrary units, 
respectively) of PBMCs. We did not observe changes in the I!B-" protein levels after 

























po = 0.831 
pt = 0.006 




























Figure 1. Postprandial effect after the intake of four different frying oils on NF-!B 
activation and I!B-" levels in PBMCs. Differences between time 4 hours and fasting 
state are shown as !4. Values are the mean ± SEM.  Adjusted p values for the oil effect 
(po), the time effect (pt) and the interaction of oil and time (pi) obtained with the general 
linear model for repeated measures. *p<0.05: vs fasting state.  VOO: Virgin olive oil. 
SFO: Sunflower oil. SOX: Mixed seed oil enriched with 2 mg/Kg of 
dimethylpolysiloxane. SOP: Mixed seed oil enriched with phenolic compounds extracted 
from alperujo (residue of olive oil production). c) Rojo ponceau such as loading control 
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pt = 0.012 














































3.2 Effect of the intake of frying oils on gene expression of the 
inflammatory pathway in PBMCs  
 
 
To support the results obtained in the proteomic approach (NF-!B activation and 
I!B-" protein levels), we determined the expression of genes involved in the 
inflammatory response and we did not observe significant changes after the intake of 
oils with phenolic compounds (VOO and SOP). However, we found an overexpression 
of the complex IKK [IKK! (p=0.043) and IKK" (p=0.005)] and p65 (NF-!B subunit) 
mRNA levels (p=0.038) at the 4th hour after the consumption of SFO-breakfast 
compared with the fasting state (Figure 2). We did not observe significant changes in 
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pt = 0.054 
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po = 0.902 
pt = 0.047 
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Figure 2. Postprandial mRNA levels of (a) IKK!, (b) IKK" and (c) p65 in PBMCs 
after the intake of four frying oils. Values are the mean ± SEM.  Adjusted p values for 
the oil effect (po), the time effect (pt) and the interaction of oil and time (pi) obtained with 
the general linear model for repeated measures.  *p<0.05: vs fasting state. VOO: Virgin 
olive oil. SFO: Sunflower oil. SOX: Mixed seed oil enriched with 2 mg/Kg of 
dimethylpolysiloxane. SOP: Mixed seed oil enriched with phenolic compounds extracted 




Some of the main NF-!B-regulated cytokines, which are directly related with the 
inflammatory process and obesity, are TNF-", IL-1#, IL-6, MIF and JNK. In our study, 
we did not observe significant postprandial changes of TNF-! mRNA in PBMC after 
intake of all breakfasts. Furthermore, The gene expression of inflammatory genes did 
not show significant changes in the postprandial state after the intake of frying oils that 
containing phenolic compounds (VOO and SOP). However, mRNA IL-1" levels 
(Figure 3a) increased 4 hours after the intake of SFO- (p=0.037) and SOX-breakfasts 
(p=0.025) compared at 2 hour. Moreover, the PBMC IL-6 mRNA levels (Figure 3b) 
were higher 4 hours after the intake of SFO- (p=0.018) when compared to the SOP-
breakfast. Similarly, the intake of an SFO-breakfast was followed by the increase in the 
gene expression of MIF (Figure 3c) after 4 hours compared to the fasting state 
(p=0.04). The expression of JNK mRNA levels (Figure 3d) increased after 2 hours of 
intake of an SFO-breakfast compared to the fasting state (p<0.05). This increase was 
followed until 4 hours compared with the fasting state (p=0.033) and with the SOP-
breakfast (p=0.038).  
 
* p
o = 0.416 
pt = 0.007 
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Figure 3. Postprandial mRNA levels of IL-1!, IL-6, MIF and JNK1 in PBMCs after 
the intake of four frying oils. Values are the mean ± SEM.  Adjusted p values for the oil 
effect (po), the time effect (pt) and the interaction of oil and time (pi) obtained with the 
general linear model for repeated measures. *p <0.05: SFO at hour 4 vs fasting state. 
§p<0.05: 4 hours after SFO and SOX vs hour 2. ¥p<0.05: 4 hours after SFO vs 4 hours after 
SOP.  
VOO: Virgin olive oil. SFO: Sunflower oil. SOX: Mixed seed oil enriched with 2 mg/Kg 
of dimethylpolysiloxane. SOP: Mixed seed oil enriched with phenolic compounds 




3.3 Plasma LPS levels in response to the intake of different frying oils 
 
 
We also studied the effect of the intake of four different frying oils on 
endogenous LPS absorption. We found a decrease in the LPS plasma concentration at 
the hour 2 after the consumption of the VOO- and SOP-breakfasts (p<0.05; Figure 4) 
compared with the fasting state, and a return to fasting values at hour 4. Conversely, the 
SFO- and SOX-breakfasts did not produce a postprandial reduction of circulating LPS, 
the first showed an increase above the fasting state after 4 hours (p=0.023) when 
compared with 4 hours after the VOO- and SOP-breakfasts. When we compared the 
different diets at each time point, we found that 2 hours after the VOO- and SOP-
breakfasts, there were lower plasma LPS values when compared with 2 and 4 hours 
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Figure 4. Postprandial plasma LPS levels after the intake of four different frying 
oils. Values are the mean ± SEM.  Adjusted p values for the oil effect (po), the time effect 
(pt) and the interaction of oil and time (pi) obtained with the general linear model for 
repeated measures. *p<0.05: VOO and SOP at hour 2 vs fasting state. ¥p<0.05: 4 hours 
after SFO-breakfast vs 4 hours after VOO- and SOP-breakfasts.  §p<0.05: 2 hours after 
VOO and SOP vs 2 and 4 hours after SFO. VOO: Virgin olive oil. SFO: Sunflower oil. 
SOX: Mixed seed oil enriched with 2 mg/Kg of dimethylpolysiloxane. SOP: Mixed seed 









To determine the postprandial oxidative stress after the consumption of frying 
oils, we studied the proteomic and gene expression profiles of some pro-oxidant and 
antioxidant molecules in PBMCs and plasma. 
 
 
4.1 Proteomic profile of the transcription factor Nrf2 in PBMCs 
 
 
To analyse the profile of the transcriptional regulator of oxidative stress Nrf2 
after the intake of frying oils, we determined the levels of this protein by western 
blotting in the nucleus and cytoplasmic fractions of PBMCs. In the nuclear fraction 
(Figure 5a), the Nrf2 protein decreased 4 hours after the intake of VOO-, SOX- and 
* 
po = 0.919  
pt = 0.004  







SOP-breakfasts (-17.9 ± 1.6, -22.0 ± 2.1 and 24.3 ± 2.2 arbitrary units, respectively) 
compared with the fasting state (all p<0.05). SFO-breakfast intake induced an increase 
after 4 hours in the nuclear Nrf2 protein level, however this change is not significant. 
The Nrf2 protein concentration in the cytoplasm fraction (Figure 5c) did not display 
significant changes during the postprandial state after the consumption of the four 
frying oils. However, we did observe a tendency towards an increase in the 








































po = 0.001 
pt = 0.004 
pi < 0.001 





























Figure 5. Postprandial Nrf2 protein levels in nuclear and cytoplasmic 
fraction of PBMCs after the intake of four frying oils. Results are expressed 
as mean ± SEM. Differences between time 4 hours and fasting state are shown as 
!4. Adjusted p values for the oil effect (po), the time effect (pt) and the 
interaction of oil and time (pi) obtained with the general linear model for 
repeated measures.*p<0.05: vs fasting state. VOO: Virgin olive oil. SFO: 
Sunflower oil. SOX: Mixed seed oil enriched with 2 mg/Kg of 
dimethylpolysiloxane. SOP: Mixed seed oil enriched with phenolic compounds 
extracted from alperujo (residue of olive oil production).  
b) and d) Ponceau s Red stain as loading control and standardization method in 
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po = 0.870 
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4.2 Expression profiles of oxidative stress genes in PBMCs (Annexe 1) 
 
 
The NADPH oxidase complex is an enzyme that generates superoxide anion by 
transferring electrons from NADPH. This enzymatic complex consists of two 
membrane-bound subunits (gp91phox and p22phox) and cytosolic subunits (p47phox, 
p67phox, p40phox and rac2). The intake of VOO- and SOP-breakfasts, both containing 
phenolic compounds, did not induce significant changes in mRNA levels of NADPH 
oxidase subunits. In contrast, we observed that gp91phox mRNA levels increased 4 hours 
after the intake of a SFO-breakfast compared with the fasting state (p=0.013) and with 4 
hours after a VOO-breakfast (p=0.030) (Figure 6a). The gene expression of the p22phox 
subunit increased 4 hours after the SFO- (p=0.026) and SOX-breakfasts (p=0.009), 
when both are compared to the fasting state (Figure 6b). There was also an increase in 
the mRNA levels of the p47phox subunit from PBMCs at hour 2 (p=0.021) and hour 4 
(p=0.033) after the intake of an SFO-breakfast compared with the fasting state (Figure 
6c). There were no significant changes in the expression profiles of the p67phox or 
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Figure 6. Postprandial mRNA levels of (a) gp91phox, (b) p22phox and (c) p47phox in 
PBMCs after the intake of the four frying oils. Values are the mean ± SEM.  
Adjusted p values for the oil effect (po), the time effect (pt) and the interaction of oil and 
time (pi) obtained with the general linear model for repeated measures. *p<0.05: vs 
fasting state, §p<0.05: SFO at hour 4 vs 4 hours after VOO. VOO: Virgin olive oil. 
SFO: Sunflower oil. SOX: Mixed seed oil enriched with 2 mg/Kg of 
dimethylpolysiloxane. SOP: Mixed seed oil enriched with phenolic compounds 
extracted from alperujo (residue of olive oil production). 
 
 
The gene expression of NRF2, SOD1, CAT, GSTP1, TXN and GSR, which encode 
for several antioxidant enzymes, did not show any change after the intake of oils 
containing phenolic compounds (VOO and SOP) and after the intake of SOX (with an 
artificial antioxidant). However, the gene expression of NRF2 and SOD1 (Figure 7a, 
7b) increased 2 and 4 hours after the intake of SFO-breakfast compared with the fasting 
state (all, p<0.05). The PBMCs CAT mRNA levels increased 4 hours after the intake of 
the SFO-breakfast with respect to the fasting state (p=0.019) and VOO- (p=0.034) and 
SOX-breakfasts (p=0.015), (Figure 7c). The GSTP1 and TXN mRNA levels (Figure 
7d, 7e) increased 4 hours after the SFO-breakfast [(p=0.029) and (p=0.022), 
respectively] compared with the fasting state. The expression of the GSR gene increased 
2 hours after the consumption of an SFO-breakfast (p=0.026) when compared to the 
fasting state (Figure 7f). The genes SOD2, GPX1, GPX4 and TrxR did not display any 
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pt = 0.009 
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pt = 0.001 
pi = 0.011 
 
po = 0.192 
pt < 0.001 
pi = 0.068 * 
* 
po = 0.207 
pt = 0.002 
pi = 0.150 * 
po = 0.998 
pt = 0.015 













































Figure 7. Postprandial mRNA levels of (a) Nrf2, (b) SOD1, (c) CAT, (d) GSTP1, 
(e) TXN and (f) GSR genes in PBMCs followed by the intake of four frying oils. 
Values are the mean ± SEM.  Adjusted p values for the oil effect (po), the time effect 
(pt) and the interaction of oil and time (pi) obtained with the general linear model for 
repeated measures. *p<0.05: vs fasting state; §p<0.05: 4 hours after SFO vs 4 hours 
after VOO and SOX. VOO: Virgin olive oil. SFO: Sunflower oil. SOX: Mixed seed 
oil enriched with 2 mg/Kg of dimethylpolysiloxane. SOP: Mixed seed oil enriched 
with phenolic compounds extracted from alperujo (residue of olive oil production). 
 
 
4.3 Plasma levels of antioxidant enzymatic activity 
 
 
Our results show that the SOD activity in plasma (Figure 8a) was lower 4 hours 
after the intake of VOO-breakfast (p=0.041) compared with the fasting state. In 
contrast, the SOD activity increased 4 hours after the intake of  SFO-breakfast, however 
this change was not significant. Furthermore, the GPx activity in plasma (Figure 8b) 
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* 
po = 0.501 
pt = 0.043 
pi = 0.211 
po = 0.287 
pt = 0.002 








compared to the fasting state. However, 4 hours after the SFO-breakfast, GPx activity 
significantly increased compared with VOO- and SOX-breakfasts and with the fasting 








Figure 8. Postprandial activity of antioxidant enzyme (a) SOD and (b) GPx. 
Results are expressed as mean ± SEM. !T (2 or 4) correspond to the difference 
between hour 2 or 4 after the intake of the breakfasts and fasting state. Adjusted p 
values for the oil effect (po), the time effect (pt) and the interaction of oil and time 
(pi) obtained with the general linear model for repeated measures. *p<0.05: vs 
fasting state, §p<0.05: vs 4 hours after the intake of VOO- and SOX-breakfats. 
VOO: Virgin olive oil. SFO: Sunflower oil. SOX: Mixed seed oil enriched with 2 
mg/Kg of dimethylpolysiloxane. SOP: Mixed seed oil enriched with phenolic 
















































VOO SFO SOX SOP 
po = 0.652  
pt = 0.139  
pt =0.016  
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4.4 Concentration of antioxidant substrates in plasma 
 
We found a postprandial increase in the plasma concentration of GSH (p<0.05), 
irrespective of the oil ingested. Additionally, we found that the plasma GSH increase at 
4 hours after the intake of the breakfast prepared with SFO was lower than the increase 
at 4 hours after the intake of the breakfasts prepared with VOO, SOX, and SOP 
(p=0.016) (Figure 9). 
Furthermore, the GSH/GSSG ratio increased after the intake of the breakfasts 
prepared with VOO (p=0.048 at 2 hours and p=0.036 at 4 hours) and SOP (p=0.036 at 2 
hours). Moreover, the GSH/GSSG ratio decreased at 4 hours as compared to the ratio 
observed at 2 hours, but only after the intake of the breakfast prepared with SFO 






Figure 9. Postprandial reduced glutathione (GSH) levels. Results are expressed 
as mean ± SEM. Differences between time 2 and 4 hours against the fasting state are 
shown as !2 and !4, respectively. Adjusted p values for the oil effect (po), the time 
effect (pt) and the interaction of oil and time (pi) obtained with the general linear 
model for repeated measures. *p< 0.05: vs fasting state, "p<0.05: vs 2nd hour of 
SFO, ¥p<0.05: vs 4th hour of SOX. VOO: Virgin olive. SFO: Sunflower oil. SOX: 
Mixed seed oil enriched with 2 mg/Kg of dimethylpolysiloxane. SOP: Mixed seed 
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po = 0.319  
pt < 0.001  








































Values are mean ± SEM. Adjusted p values for the oil effect (po), the time effect 
(pt) and the interaction of oil and time (pi) obtained with the general linear model 
for repeated measurements. ap<0.05: vs fasting state, bp<0.05: vs  4 hours after 
VOO, cp<0.05: vs 2 hours after SFO. GSH/GSSG: ratio between reduced 
glutathione and oxidized glutathione. VOO: Virgin olive oil. SFO: Sunflower oil. 
SOX: Mixed seed oil enriched with 2 mg/Kg of dimethylpolysiloxane. SOP: 
Mixed oils enriched with phenolic compounds extracted from alperujo (residue of 









  The LC-MS data obtained in positive mode were submitted to the PCA analysis 
(Figure 10). This analysis was used to evaluate the quality of the data. The Figure 10 
shows that the analytical variance (QC samples) was lower than the biological variance 
(samples). Each point represented the metabolite profile of the samples.  
Time/oil GSH/GSSG   Ratio 





11.1 ± 2.9 
10.6 ± 2.9 
16.3 ± 6.6 
6.8 ± 1.9 





22.5 ± 4.3a 
21.6 ± 5.0a 
22.1 ± 4.5 
23.9 ± 5.8a 





25.9 ± 4.7a 
9.32 ± 1.8bc 
17.8 ± 4.7 
18.0 ±4.8 
Statistical analysis  
Oil effect 
Time effect 








Figure 10. PCA score plot. Blue triangles are for samples in fasting state. Red 
triangles are for postprandial sample (4 hours after test meal). Green triangles are 
the quality control. 
 
 
  A PLS-DA analysis (Figure 11) was conducted to investigate the possible 
differences between fasting and postprandial state. 
We found that the metabolites profiles in the fasting state were widely dispersed, but 




Figure 11. PLS DA scores plot. Red triangles are for samples in fasting state. Blue 
triangles are for postprandial samples.  
 
 
  Statistical analysis allows distinguishing specific metabolites of importance from 
postprandial state and for each dieting separately Table 4. These results suggest a 
global influence of products originated of the lipidic metabolism principally, as 











urineAleyda xcms2 final.M1 (PCA-X)
t[Comp. 1]/t[Comp. 2]
Colored according to Obs ID (Primary)
R2X[1] = 0,303317            R2X[2] = 0,0987065           





































































































































































































urineAleyda xcms2 final.M3 (PLS-DA), 4diets
t[Comp. 1]/t[Comp. 2]
Colored according to Obs ID (Primary)
















































































































































































2-hexenoyl-CoA on the urinary metabolome, after the acute intake of breakfasts 
containing frying oils. However, we can observe that after the consumption of oils with 
phenolic compounds either added or of natural origin (SOP and VOO, respectively) 
there is the presence of apigenin, which is a flavone present in the olives. Also, we 
found that some antioxidant compounds present in plants, as chicoric acid, naringenin 
and 3-O-Methyl gallate were present in the urinary samples after the intake of the four 
breakfasts containing the frying oils.  
   In the Table 4, we also can find that compounds derived of the protein and 
carbohydrate metabolism were present in the urinary metabolome after the acute intake 








We also analysed free fatty acids present in plasma; molecules which are 
mediators in the development of atherosclerosis lesions, such as IL-6 and TNF-! 
plasma; cell adhesion molecules such as VCAM-1, ICAM-1, MCP-1, MMP9 and 
sCD40L, and finally, we measured the concentration of LDLox. However, we did not 
observe significant differences in the statistical analysis between oils, time in the 
postprandial state and interaction, (See Annexe 2). The sTNF-R and MIP-1! molecules 






















































































































































































































































































































Our results show the inflammatory response and oxidative stress in PBMCs 
from obese people after the intake of four frying oils. From a general point of view, we 
observed two different effects: 1) the intake of frying oils with phenolic compounds 
either added in SOP or of natural origin in VOO, leads to a lower postprandial 
inflammatory response when compared to frying oils without phenolic compounds 
(SFO and SOX); and 2) frying oils with antioxidants, which were either phenolic 
compounds in VOO and SOP, or dimethylpolysiloxane in SOX, induce less oxidative 
stress in the postprandial state when compared to frying oil without antioxidants (SFO).   
 
 
Eating out regularly is becoming increasingly common, especially in 
industrialized countries, due to work schedules and/or other social factors. In most 
cases, the meals consumed when eating out contain a high percentage of foods which 
have been subjected to deep-frying. During this cooking process, a number of chemical 
reactions, such as hydrolysis, oxidation and polymerization, alter the fatty acid structure 
of the oils leading to the generation of pro-oxidant components such as polar 
compounds, which increase greatly after several periods of heating [244, 255].  While 
alterations in the fatty acid composition of the oils are inherent to the heating process, 
these changes may be regulated by the source of fat used. Some fat sources, such as 
virgin olive oil, are more resistant to changes caused by the time and temperature of the 
heating process [231]. As an example, the formation of total polar compounds during 
deep-frying under domestic conditions decreased when sunflower oil was replaced by 
olive oil. This behaviour can been explained by a greater resistance to physicochemical 
changes in monounsaturated fatty acid (MUFA) versus poliunsaturated fatty acid 
(PUFA), and by the presence of antioxidant compounds in virgin olive oil [231].   
The antioxidants naturally present in oils can be divided into lipophilic (such as 
vitamin E) and hydrophilic compounds. Hydrophilic antioxidants are exclusive to non-
refined oils such as olive oil, which is consumed soon after being produced. The most 
important members of this antioxidant group are the phenolic compounds. The main 




derivates, while the minor phenolic compounds include vanillin, p-coumaric, ferulic 
acid, apigenin and luteolin [256-258].  
The phenolic compounds are responsible for the organoleptic properties of 
virgin olive oil, and their beneficial biological activity is due to their anti-inflammatory 
and antioxidant properties. Several studies have analysed the effect of heat treatment on 
the phenolic compounds in virgin olive oil. Bester, E. et al., showed that total phenols 
decreased around 55-60% after heat treatment at 100 ºC for 142 hours [259]. In 
addition, we found that after 20 heating cycles at 180 ºC for 5 minutes each cycle, the 
total phenolic compounds in VOO and SOP decreased by approximately 69% and 33%, 
respectively.  In this case, the resistance to oxidation during the heating process was 
higher in SOP than VOO [260].  
When we studied the effects of the heating processes on the phenolic 
compounds present in VOO and SOP, we observed that the hydroxytyrosol 
concentration in VOO had practically disappeared, while in SOP some of this 
compound was somehow retained. Similar behaviour was observed for the oleuropein 
derivate, which decreased in VOO, while in SOP it was not statistically affected [260]. 
In contrast, in both VOO and SOP, the content in tyrosol, luteolin, apigenin, p-coumaric 
acid and vanillinic acid remained relatively constant at the end of the heating process 
compared to their initial content. Our results are in agreement with previous reports. 
Carrasco-Pancorbo, et al., have shown in extra virgin olive oil, that hydroxytyrosol was 
reduced 61.5% in the first stage of the heat treatment (180 ºC for 30 min) and continued 
decreasing to undetectable levels after heating. However, the behaviour of tyrosol was 
totally different, and it decreased 19.9% after 30 minutes of heating, and continued 
decreasing until 30% of the initial quantity after 3 hours of heating [261]. The resistance 
of tyrosol to heating is higher than hydroxytyrosol [231, 262, 263]. Another study has 
shown that 50% of hydroxytyrosol may be lost after a single heating cycle of 10 
minutes at 180 ºC [263]. Thus, hydroxytyrosol is the first compound to be oxidized 
during the heating process, providing oxidative stability to the oil when it is subject to 
high temperatures [240, 264, 265]. This behaviour is also consistent with the high 
antioxidant activity of hydroxytyrosol compared to tyrosol in the heating process [266]. 
The fact that hydroxytyrosol decreased in SOP, and was undetectable in VOO after the 




biological effects shown in oils containing phenolic compounds (VOO and SOP), and 
that the biological effects obtained in this study may be due to the phenolic compounds 
which remain after the heating process (tyrosol, luteolin, apigenin, p-coumaric acid, 
vanillinic acid and feluric acid). 
Although the current study only analysed the effect produced by the intake of 
frying oils and not of fried foods, our design allowed us to determine the isolated effects 
of the oils, which could not have been assessed after the consumption of fried foods 
because foods alter their antioxidant properties when they are subjected to cooking. For 
example, the phenols present in olive oil are transferred from the oil to the fried food 
during the cooking process. The polyphenol intake after eating French fries cooked with 
olive oil is 6-31 times higher than those cooked in commercial oils [267]. Furthermore, 
some vegetables increase their antioxidant capacity when they are cooked, compared to 
the raw state [268], although this behaviour is variable, and most vegetables lose some 
antioxidants [269]. Finally, it is important to study the behaviour of the antioxidants 
present in VOO and SOP during and after the heating process, in order to design studies 
to understand the effects of the intake of fried foods. 
 
 
We chose obese people for our study for the following reasons: 1) the increasing 
global incidence of obesity occurring in developed countries; 2) there is a clearly 
recognized link between greater consumption of fried foods and the likelihood of 
becoming obese [147]; 3) obese people are excellent models to study because they 
present low-grade inflammation, due to abnormal cytokine production and the 
activation of inflammatory pathways regulated by NF-!B [270]. This low-grade 
inflammation in obesity is associated with the activation of PBMCs and with changes in 
the expression of a variety of cytokines related to inflammation and immune responses 
[271, 272]; and 4) the link between oxidative stress and obesity may be considered as a 
unifying mechanism in the development of the metabolic diseases related with obesity 
[273, 274]. This state of oxidative stress in obesity is also associated with the activation 
of PBMCs in which there is an increase of NADPH oxidase activity [275]. 
 
After the intake of the four breakfasts containing different frying oils, we created 




in a given time period. In our study, the participants consumed on average >34 g of fat 
in each of the four breakfasts, since it has been established that the amount of fat 
required to significantly increase the triglyceride concentration in plasma is 30-50 g [7]. 
For this reason, we found differences only in the time taken to produce this increase, but 
not between the oils. 
 
Regarding the postprandial inflammatory response, our study showed that the 
phenolic compounds present in different oils subjected to a standardized frying process 
determine the inflammatory status in obese persons. After the intake of virgin olive oil 
(VOO) or a mixed-seed oil enriched with phenolic compounds (SOP), we observed a 
lower postprandial inflammatory response compared to sunflower oil (SFO) and mixed-
seed oil with artificial antioxidant (SOX), as shown by a lesser activation of NF-!B 
(main regulator of inflammatory response, and other related cytokines). Moreover, the 
most important intestinal bacterial products acquired during the postprandial state 
(plasma LPS concentration) are reduced after the intake of a VOO- or SOP-breakfast, 
which implies that these oils at least partially reduce the inflammatory response by 
inhibiting the absorption of intestinal bacterial toxins that activate the inflammatory 
process. 
NF-!B is an important transcription factor in inflammatory responses, and it is 
involved in the regulation of inflammatory and immune genes, apoptosis and cell 
proliferation [23]. Previous studies have showed how a virgin olive oil-rich diet 
decreases NF-!B pathway activation in PBMCs of healthy people compared with a 
Western diet rich in saturated fatty acids, both after an isolated meal and after a chronic 
model [116, 117]. Not only did we analyse NF-!B activation, as previously shown in 
other studies with “raw” virgin olive oil, we also assessed the levels of I!B-" protein 
(the natural inhibitor of NF-!B), and went carried out a gene expression assay of NF-!B 
subunits and related cytokines. We showed that phenolic compounds, either naturally 
present in VOO or added in SOP, induce less NF-!B activation compared with other 
oils without phenolic compounds. The mixed seed oil with added phenolic compounds 
in SOP and VOO, showed the same effect in contrast with SFO and SOX, although the 
fatty acid composition (in sunflower oil/canola oil) was the same in SOX and SOP. This 




presence of the phenolic compounds. Previous findings have shown that the fraction of 
phenolic compounds from virgin olive oil downregulates the expression of the genes 
involved in inflammatory processes mediated by the transcription factor NF-!B in 
patients with metabolic syndrome [219]. The lesser activation of NF-!B after the intake 
of frying oils rich in phenolic compounds was supported in our study by the fact that the 
level of I!B-" (the NF-!B inhibitor) protein increased after the intake of a VOO- or 
SOP-breakfast. This behaviour is similar to several studies in which the inhibition of 
NF-!B activation was linked to an increase in I!B-" in the cytoplasm [276, 277], and 
therefore, there is an inhibition of the gene expression of NF-!B subunits. Thus, we 
observed that, after the consumption of a VOO- or SOP-breakfast, there was 
downregulation of p65, IKK! and IKK". In contrast, after the intake of a breakfast 
containing SFO, PBMCs p65 mRNA levels increased, as did the gene expression of 
IKK! and IKK", which are involved in the activation of NF-!B by the phosphorylation 
of I!B molecules. Once I!B-" is separated from the complex, NF-!B translocates to the 
nucleus to promote the transcription of pro-inflammatory target genes, such as IL-6, IL-
1", and TNF-! [22]. Furthermore, in our study, the levels of IL-6 mRNA increased after 
the consumption of an SFO-breakfast compared with an SOP-breakfast, and IL-1" 
increased with SFO- and SOX-breakfasts, indicating that these two frying oils, both 
without phenolic compounds, induce greater pro-inflammatory activity in contrast to 
VOO- and SOP-breakfasts, both with natural or added phenolic compounds, 
respectively. 
In relation to other postprandial inflammatory changes associated with the NF-
!B pathway, we assessed some well-characterized proinflammatory regulators. The 
gene expression of MIF increased after an SFO-breakfast. MIF regulates the signalling 
mechanism between PBMCs to activate cell aggregation in the inflammatory process. 
Furthermore, MIF upregulates the expression of TLR4 by macrophages allowing the 
recognition of LPS, which promotes the production of cytokines [52]. Finally, JNK 
mRNA, another central regulator of inflammation [25], also increased after the intake of 
an SFO-breakfast. There is strong evidence that JNK activation is central to the 
development of obesity-induced metabolic complications [278]. Phenol-rich oils (VOO 




the higher JNK mRNA levels observed after the SFO-breakfast, but not after the intake 
of phenol-rich oils, may be due to the presence of luteolin, a natural inhibitor of JNK 
[279], which was present in the two phenol-rich oils at the moment of intake, although 
their proportion was much higher in SOP.  
        Analysing the additional biological mechanisms related with the lower 
inflammatory postprandial reaction after the intake of phenol-rich oils, we evaluated the 
LPS concentration at 0, 2 and 4 hours after the intake of the four breakfasts. While part 
of the inflammatory response is directly due to the appearance in blood of some 
particles derived from lipids during the postprandial state, mainly triglyceride-rich 
lipoproteins (especially small triglyceride-rich lipoproteins) [280], we hypothesized that 
phenols influence either the bacterial translocation and/or toxin internalizing during the 
postprandial period between the intestinal lumen and the bloodstream, or its subsequent 
permanence. It has been shown that during the postprandial state, a small fraction of the 
trillions of bacteria living in the intestinal tract (microbiota) produce compounds such as 
LPS, which are assimilated by the chylomicron metabolism and enter into the 
circulation closely linked to fatty micelles [60, 281]. The LPS are toxins of bacterial 
origin that activate the NF-!B pathway via TLR4 activation, which have been 
extensively used to assess the bacteria-induced inflammatory response [282]. We found 
an early decrease in LPS concentration in blood after the intake of VOO and SOP, at the 
2nd and 4th hour after their intake. In oils without phenolic compounds (SFO and SOX), 
there was a slight, non-significant increase at the 2nd hour, and a significant increase at 
the 4th hour after the consumption of an SFO-breakfast, which reproduces previous 
findings [60, 281, 283]. Although this is not supported by any data in this study, the 
relationships between intestinal and inflammatory cells are well-known, and an 
imbalance may cause the origin of certain diseases, such as inflammatory bowel disease. 
Moreover, phenol-rich meals induce a lower inflammatory response because they 
produce much less translocation of bacterial products from the intestine. This result is 
supported by recent data showing that phenolic compounds display anti-bacterial 
activity when they are exposed to bacteria [284]. The intestinal bacterial products that 
enter into the circulation through the intestinal barrier are closely related to fat 




inactivate products derived from microbiota during the internalization process, resulting 
in less migration of bacterial products to the circulatory system.    
 
 
Our results for postprandial oxidative stress showed that the intake of a breakfast 
prepared with VOO which naturally contains phenolic compounds or mixed seed oils, 
enriched with either phenolic compounds from olive origin (SOP) or the artificial 
antioxidant dimethylpolysiloxane (SOX), induced lower postprandial oxidative stress as 
compared to the intake of a breakfast prepared with SFO.  Furthermore, the intake of the 
breakfast prepared with SFO induced a response on different levels; from the increased 
expression of the different NADPH oxidase subunits (gp91phox, p22phox and p47phox), an 
enzyme that generates reactive oxidant species (ROS), thus increasing the gene 
expression of antioxidant enzymes NRF2, SOD1, CAT, GSTP1, TXN and GSR in 
PBMCs, to an imbalance in the GSH/GSSG ratio.   
Oxidative stress is an imbalance between the production of ROS and their 
elimination by the antioxidant system [70]. The high concentrations of ROS cause 
significant damage to biomolecules such as lipids, proteins, and DNA, generating 
modifications linked to the inflammation process and directly related with the initiation 
and progression of atherosclerosis [72, 285, 286].  The PBMCs participate actively in 
the atherogenic process by responding to a variety of stimuli that induce ROS 
formation, including superoxide anion, which is principally produced by NADPH 
oxidase [78, 287]. The NADPH oxidase complex (gp91phox, p22phox, p47phox, p67phox, 
p40phox) catalyzes the transfer of an electron from NADPH to the molecular oxygen and 
the subsequent formation of superoxide anion [84]. The NADPH oxidase complex 
induces the formation of ROS, which are factors directly involved in the atherogenic 
process [78]. We observed that after a VOO- and SOP-breakfast, there were no 
significant changes of gene expression in the NADPH oxidase subunits. However, our 
results indicate that after the intake of seed oils without phenolic compound there was 
an increase in the expression of genes that encode for subunits of the NADPH oxidase 
complex (gp91phox, p22phox and p47phox). This constitutes a biological disadvantage for the 
oxidation level observed in the SFO-breakfast in comparison with natural antioxidants 
(phenolic compounds) from olive oil, either present originally or added to mixed-seed 




the intake of a diet rich in saturated fatty acids, there was an increase in the mRNA 
levels of some NADPH oxidase subunits (p22phox and p47phox), in contrast with a 
Mediterranean diet rich in MUFA from virgin olive oil in elderly people [118]. In our 
study, due to the fact that SOP showed similar behaviour to VOO, but with a different 
fatty acid composition, we attributed the lesser expression of gp91phox, p22phox and p47phox 
to the presence of phenolic compounds present in VOO and SOP. 
The response of PBMCs in maintaining a balance between ROS and antioxidant 
enzymes is regulated by Nrf2, which is localized in the cytoplasm, where it interacts 
with Keap1 and is rapidly degraded by the ubiquitin proteasome pathway [88, 288, 
289]. When the cell is exposed to oxidative stress, the induction of Nrf2 occurs after the 
dissociation from Keap1. Then, Nrf2 translocates to the nucleus and promotes the 
expression of genes encoding antioxidant proteins and phase-II detoxifiyng enzymes by 
binding specifically to the antioxidant-response element (ARE) found in the gene 
promotes [290-293]. Our results showed that the Nrf2 protein level decreased in the 
nuclear fraction after the intake of the oils containing phenolic compounds (VOO and 
SOP) and the artificial antioxidant (SOX). In contrast, the concentration of this 
regulatory protein increased in the case of oil without antioxidant (SFO). The results 
suggest that the intake of frying oils with antioxidants, especially phenolic compounds 
(VOO and SOP), may lead to an inhibition of Nrf2 translocation to the nucleus via 
Keap1, thus increasing the concentration of Nrf2 in the cytoplasm and avoiding 
antioxidant gene expression [76]. 
The above results correlate with the gene expression assay that included NRF2, 
SOD1, CAT, GSTP1, TXN and GSR, which did not show significant changes after the 
consumption of VOO-, SOX and SOP-breakfasts. However, we did observe an increase 
of NRF2 mRNA levels in PBMCs after the intake of an SFO-breakfast. Furthermore, 
the expression of SOD1, CAT, GSTP1, TXN and GSR increased after the ingestion of 
SFO, but not after the intake of oils containing phenolic compounds or the mixed-seed 
oil with artificial antioxidant. Our results suggest that the intake of an SFO-breakfast 
could induce the translocation of Nrf2 protein and the subsequent expression of 
enzymatic antioxidant genes in response to the presence of ROS generated by the 




 The previous results are also supported from the standpoint of the antioxidant 
activity in plasma, where we observed that the activity of SOD increased after the intake 
of an SFO-breakfast in contrast with a VOO-breakfast. Previous studies have shown 
that the expression of the enzyme SOD is upregulated by the superoxide anion [86], 
which is converted to H2O2 by this enzyme, and that the enzymes – either CAT or GPx - 
in turn convert H2O2 to water or molecular oxygen [86, 90, 94]. Thus, the increase of 
SOD and GPx activities in an SFO-breakfast may be due to the presence of superoxide 
anion generated by NADPH oxidase. It has previously been shown that a high-
monounsaturated diet (virgin olive oil) decreases the levels of enzymatic activity of 
SOD compared with a high-saturated fatty acid diet in patients with MetS [188].  
One biomarker used to evaluate oxidative stress in humans is the GSH/GSSG 
ratio in plasma, and this parameter is correlated with the biological redox status of the 
cell [294]. When the cells are exposed to oxidative stress, the GSH/GSSG ratio tends to 
decrease as a consequence of glutathione oxidation [295]. In our study, we observed 
that after the intake of VOO- and SOP-breakfasts, there was an increase in the 
GSH/GSSG ratio levels in contrast with the intake of an SFO-breakfast. These results 
demonstrate that the presence of phenolic compounds may be involved in the redox 
balance by scavenging free radicals, preserving the GSH content and maintaining of 
GSH/GSSG ratio in the cell [296]. Thus, after the consumption of an SFO-breakfast, 
there was an imbalance in the redox state that is not found in the oils with natural or 
added phenolic compounds (VOO and SOP). One possible mechanism to explain the 
decrease in the GSH/GSSG ratio observed in an SFO-breakfast could be the increase in 
GSSG due to GSH oxidation to remove ROS in the reaction catalysed by GPx (which 
also was high in SFO).  
 
 
  The metabolic responses to phenolic compounds present in the diet is not only 
related with the cellular redox state, but may also alter other metabolic pathways. The 
complexity of their effects can be explored by metabolomics, which has been defined as 
the quantitative measurement of the multivariate metabolic responses of multicellular 
systems to pathophysiological stimuli or genetic modification [297]. This is carried out 
through the identification and quantification of all metabolites (metabolome) 




  In our metabolomic analysis, the results show a similar profile in the urinary 
metabolome after the acute intake of breakfasts containing the four different frying oils. 
The most important result was a urinary excretion of metabolites related with the lipidic 
metabolism, although also we found inulobiose and perillyl alcohol, metabolites 
involved in the carbohydrate and protein metabolism, respectively. Triglycerides play 
an important role in cellular lipid metabolism, and function as both an energy reserve 
and a buffer, preventing an excessive increase in the concentrations of biologically 
active and potentially harmful lipids, such as diacylglycerols and long-chain acyl-CoA 
esters. The accumulation of triglycerides may be caused by multiple factors, including 
the excessive consumption of dietary fat and increased de novo fatty acid synthesis, 
among others [299-301]. The oxidation of fatty acids occurs in the mitochondria and the 
peroxisomes. The beta-oxidation of the bulk of short-, medium-, and long-chain fatty 
acids derived from diet is catalysed in the mitochondria, and this pathway constitutes 
the major process by which fatty acids are oxidized to generate energy. The 
peroxisomes are involved in the beta-oxidation chain shortening of long-chain and very-
long-chain fatty acyl-coenzyme (CoAs), long-chain dicarboxylyl-CoAs, the CoA esters 
of eicosanoids and the CoA esters of the bile acid intermediates, and in the process they 
generate ROS such as H2O2 [302]. Prostaglandins, thromboxane, and leukotrienes are 
well-know eicosanoids, being mediators derived from essential fatty acids, such as 
arachidonic acid, that play important roles in physiological and pathophysiological 
processes, such as inflammation. In humans, these metabolites are excreted into body 
fluids like plasma and urine [303]. Thus, the presence of prostaglandins, 3-oxohexanoic 
acid, heptanoyl-CoA, trans-3-octanedioic acid and trans-2-hexenoyl-CoA found after 
the consumption of the frying oils is due to the normal lipidic metabolism (beta-
oxidation), in which there is a high intake of dietary fat. 
  We also detected the presence of chicoric acid, naringenin, 3-O-methyl gallate 
and siringic acid after the intake of the four breakfasts containing the frying oils. These 
metabolites have established antioxidant activity. First, naringenin is a flavone 
considered to have a bioactive effect on human health as an antioxidant, free radical 
scavenger, anti-inflammatory agent and carbohydrate metabolism promoter; however, 
this bioflavonoid is difficult to absorb in an oral ingestion and only 15% of ingested 




chicoric acid is a caffeic acid derivate which has been reported to exhibit antioxidant 
activities [304]. Syringic acid is a phenolic compound that possesses antimicrobial and 
anti-DNA oxidation properties [305]. We also found N-Methylnicotinamide after the 
consumption of the four oils. However, its presence is quite normal, since nicotinic acid 
is a metabolite, which is a water-soluble vitamin that plays an essential role in energy 
metabolism and DNA repair. The increased urinary excretion of nicotinic acid with the 
high-fat diets may reflect an increased conversion rate of tryptophan into nicotinic acid 
[306].  
  This first part of the results shows the difficulty involved in designing a 
nutritional study for metabolomics. It is clear that the metabolites found in each diet 
group probably reflect their usual diet, which may be similar for all the participants of 
this study. Standardizing and controlling diet is essential, since in the Mediterranean 
region, fruit, vegetables and olive oil are a part of the daily menu. When the objective is 
to determinate the effect of polyphenols and antioxidant substances on the metabolome 
after an acute test meal, the participants should have consumed as little fruit and 
vegetables as possible during the weeks before the test and should have received 
standardized meals in order to present the same dietary background. However, in this 
study, the participants were not restricted before the test in their intake of polyphenol-
rich foods (e.g., tea, coffee, fruit juices, beer, red wine, chocolate, onions, kale, broccoli 
or apple sauce) [307, 308]. 
  Nevertheless, after the intake of oils with phenolic compounds, whether natural 
in VOO or added in SOP, we found apigenin (phenolic compound present in olives), 
which has been observed in small amounts in urine samples in previous studies, 
suggesting that apigenin is poorly absorbed and that most of the phenolic compounds 
are absorbed to a greater or lesser extent [106].  
 In oils with phenolic compounds (VOO and SOP), or artificial antioxidant such 
as dimethylpolysiloxane (SOX), we found glutathione metabolite. Glutathione is an 
antioxidant substrate which plays a central role in defence against a variety of diseases 
and both exogenous and endogenous insults. Its functions include the detoxification of 
xenobiotics, free radicals and peroxides, regulation of the immune function and the 
maintenance of protein structure, function and turnover [309]. In addition, in this same 




higher levels of GSH in plasma in contrast with the frying oil without antioxidant 
(SFO). Thus, measuring GSH in biological samples is essential for evaluating the redox 
and detoxification status of cells and tissues, in relation to the protective role of 
glutathione against oxidative cell injury, and the presence of glutathione is indicative of 
a good antioxidant response [310, 311]. 
 It is difficult to interpret metabolic data from a single type of diet with an acute 
dietetic intervention, as in our case, since a considerable number of processes can occur 
in an organism after the prolonged intake of one particular type of diet, such as the 
Mediterranean Diet in Spain, which might be reflected in the composition of body fluids 
[202]. Moreover, the study was not originally designed for metabolomic analysis, which 
could explain the lack of evidence produced by the 4 diets.  The imposition of a basal 
diet on each participant will be evident in each metabolite profile and remains the same 
for the whole study after the intake of the four breakfasts. For this reason, more time is 
needed to carry out a more intense metabolomic study, which will continue and give 
rise to further research work using the same dietary intervention study. However, with 
the results obtained for inflammatory response and oxidative stress in the postprandial 
state, we have shown for the first time that the biological disadvantage of seed oils 
being subjected to several heating cycles, on the inflammatory response and oxidative 
stress in the postprandial period, is blunted when the phenolic compounds from olive oil 
are added to these seed oils. These results allow the possibility of preparing a new oil 






































1. Conclusión principal  
 
 
La ingesta de aceites con compuestos fenólicos y sometidos a un proceso 
estandarizado de fritura, inducen menor respuesta inflamatoria postprandial al inhibir 
la activación del factor de transcripción NF-kB en PBMCs de personas obesas, en 
comparación a los aceites sin compuestos fenólicos (SFO y SOX).  
 
2. Conclusiones secundarias 
 
2.1 La ingesta de aceites fritos con compuestos fenólicos (VOO y SOP), inhiben 
la activación de NF-kB en PBMCs de personas obesas y disminuyen la 
concentración plasmática de LPS, comparado con los aceites fritos sin 
compuestos fenólicos (SFO y SOX), los cuales incrementan la expresión en 
PBCMs de los genes p65, IKK!, IKK", IL-6, IL-1!, MIF y JNK, y los niveles 
de LPS plasmáticos.  
 
2.2 La presencia de compuestos fenólicos en aceites sometidos a un proceso 
estandarizado de fritura (VOO y SOP), así como el dimetilpolisiloxano 
presente en SOX, ejercen un efecto protector frente al estrés oxidativo 
postprandial, al incrementar la concentración de Nrf2 en citoplasma de 
PBMCs de personas obesas, comparado con el aceite sin antioxidantes (SFO), 
el cual incrementa la expresión de genes Nrf2, gp91phox, p22phox, p47phox, 
SOD1, CAT, GPX, GSR, GST-P1 and TXN en PBMCs. 
 
2.3 La ingesta de aceites fritos con y sin compuestos fenólicos inducen un 
cambio fisiológico normal en respuesta a una sobrecarga grasa, teniendo en 
cuenta que se identificaron principalmente metabolitos relacionados con la 
asimilación de lípidos. Sin embargo, el estudio metabolómico se profundizará 





















































1. Main conclusion 
 
The intake of oils with phenolic compounds and subjected to a standardized frying 
process, induces a lower postprandial inflammatory response after inhibiting the 
activation of the transcription factor NF-kB in PBMCs of obese people, in comparison 
with frying oils without phenolic compounds (SFO and SOX).  
 
2. Secondary conclusions 
 
2.1 The intake of frying oils with phenolic compounds (VOO and SOP) inhibit the 
activation of the transcription factor NF-kB in PBMCs of obese people and 
decrease LPS plasma concentration, in contrast with frying oils without phenolic 
compounds (SFO and SOX), which increase the gene expression of p65, IKK!, 
IKK", IL-6, IL-1!, MIF and JNK mRNA levels in PBMCs, and plasma LPS.  
 
2.2 The presence of phenolic compounds in oils subjected to a standardized frying 
process (VOO and SOP), and with dimethylpolysiloxane (SOX), exert a 
protective effect against postprandial oxidative stress by increasing the 
cytoplasm concentration of Nrf2 of PBMCs, compared with the oil without 
antioxidants (SFO), which increases the expression of genes Nrf2, gp91phox, 
p22phox, p47phox, SOD1, CAT, GPX, GSR, GST-P1 and TXN in PBMCs. 
 
2.3 The intake of frying oils, with or without phenolic compounds, induces a normal 
physiological change in response to a fat overload, because the study’s main 
findings were metabolites related with the lipid metabolism. However, the 
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mRNA Full official name Function 
gp91phox Cytochrome b-245, beta 
polypeptide 
Subunits of the NADPH-oxidase enzyme. It generates 
superoxide anion (O2-) by transferring electrons from 
NADPH inside the cell across the membrane and 
coupling these to molecular oxygen to produce the O2- 
(reactive free-radical).  
Under normal circumstances, the complex lies latent 
in neutrophils and, when activated, accumulates in the 
membranes during a respiratory burst. 
p22phox Cytochrome b-245, alpha 
polypeptide 
p47phox Neutrophil cytosolic factor 1 
p67phox Neutrophil cytosolic factor 2 
p40phox Neutrophil cytosolic factor 4 
Nrf2 
Nuclear factor (erythroid-derived 
2)-like 2 
Transcription factor that induces the expression of 
various genes, including those that encode several 
antioxidant enzymes. 
SOD1 Superoxide 1 
Gene that encodes the superoxide dismutase enzyme. 
This enzyme catalyse the dismutation of O2- into 
oxygen and hydrogen peroxide. 
CAT Catalase 
Gene that encodes the catalase enzyme, which 
catalyzes the decomposition of hydrogen peroxide to 
water and oxygen. 
GSTP1 Glutathione transferase pi-1 
Gene that encodes the glutathione-S-transferase P, 
which play an important role in detoxification by 
catalysing the conjugation of many hydrophobic and 
electrophilic compounds with reduced glutathione. 
GSR Glutathione reductase 
Gene that encodes the glutathione reductase enzyme, 
which reduces GSSG to GSH (important cellular 
antioxidant). 
TXN Thioredoxin 
Gene that encodes the thioredoxin enzyme, which is a 
protein that acts as an antioxidant by facilitating the 





















































































































0.269 0.042 0.918 
 
Values are mean ± SEM. Adjusted p values for the oil effect (po), the time effect (pt) and the 
interaction of oil and time (pi) obtained with the general linear model for repeated measures. 
sCD40L: soluble CD40 ligand. MCP-1: monocyte chemotactic protein. ICAM-1: inter-
cellular adhesion molecule-1. MMP9: matrix metallopeptidase-9. VCAM-1: Vascular cell 
adhesion protein-1. VOO: Virgin olive oil. SFO: Sunflower oil. SOX: Mixed seed oil enriched 
with 2 mg/Kg of dimethylpolysiloxane. SOP: Mixed oils enriched with phenolic compounds 
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The postprandial inflammatory response after ingestion
of heated oils in obese persons is reduced by the
presence of phenol compounds
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Scope: Heating during the process of cooking alters the chemical properties of foods and may
affect subsequent postprandial inflammation. We tested the effects of four meals rich in
different oils subjected to heating on the postprandial inflammatory metabolism of peripheral
blood mononuclear cells (PBMCs).
Methods and results: Twenty obese participants received four breakfasts following a rando-
mized crossover design, consisting of milk and muffins made with different oils (virgin olive
oil (VOO), sunflower oil (SFO), and a mixture of seeds oil (SFO/canola oil) with added either
dimethylpolysiloxane (SOD), or natural antioxidants from olive mill wastewater alperujo
(phenols; SOP)), previously subjected to 20 heating cycles. Postprandial inflammatory status
in PBMCs was assessed by the activation of nuclear NF-kB, the concentration in cytoplasm of
the NF-kB inhibitor (IkB-a), the mRNA levels of NF-kB subunits and activators (p65, IKKb,
and IKKa) and other inflammatory molecules (TNF-a, IL-1b, IL-6, MIF, and JNK), and
lipopolysaccharide (LPS) levels. VOO and SOP breakfasts reduced NF-kB activation,
increased IkB-a, and decreased LPS plasma concentration. SFO increased IKKa, IKKb, p65,
IL-1b, IL-6, MIF, and JNK mRNA levels, and plasma LPS.
Conclusion: Oils rich in phenols, whether natural (VOO) or artificially added (SOP), reduce
postprandial inflammation, compared with seed oil (sunflower).
Keywords:
Inflammation / Mononuclear cells / Olive mill wastewater / Phenols / Postprandial state
Human vascular homeostasis is altered during the post-
prandial state due to the rise in pro-atherogenic lipid frac-
tions, the generation of a pro-coagulant environment, and
the activation of peripheral mononuclear white cells (PBMC
(monocytes and macrophages)) in response to several
stimuli, mainly inflammatory/oxidative, through the NF-kB
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Abbreviations: PBMCs, peripheral blood mononuclear cells;
SFO, sunflower oil; SOD, sunflower oil/canola oil enriched with
2mg/kg dimethylpolysiloxane; SOP, sunflower oil/canola oil
enriched with VOO-phenol compounds extracted from the
residue of olive-oil production–alperujo; VOO, virgin olive oil
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pathway [1, 2]. While some of these processes appear to be
inherent to the fact of eating, and regardless of the
composition of the ingested foods, others are clearly related
to the composition of the meal [2–4]. It has been stated that
meals rich in saturated fats provoke a higher inflammatory
response in the postprandial state than other sources of fatty
acids [1, 5–8]. The cooking process may affect the physical
and chemical properties of the foods and the oils used,
resulting in an increase in the oxidative products in the
frying oil, such as polymers and polar compounds, that may
be incorporated into the foods and ingested, especially after
several heating processes, activating the PBMC [9–11]. Seed
oils are least resistant to this oxidative process due to the
relative low antioxidant concentration of seed oils [9], while
antioxidants from virgin olive oil (VOO) may act as a buffer,
avoiding in part the production of the oxidative molecules at
the cost of reducing the concentration of antioxidants in the
final product [9, 12].
In summary, the postprandial state induces a variable
grade of inflammation that mainly depends on the post-
prandial redox balance, but also depends on the relation-
ships between the intestinal bacteria, the intestinal cells, and
the PBMC [13]. Our aim was to investigate the effects of
several heating processes on the chemical properties of
different oils, the subsequent effects of the intake of these
oils on the postprandial inflammatory response driven by
the PBMC and the absorption of bacterial products.
The study protocol was approved by our hospital’s
Human Research Review Committee, and complied with
both institutional and ‘‘Good Clinical Practice’’ guidelines.
Twenty obese subjects (age of 5677.1 years, BMI of
37.374.2 kg/m2, waist perimeter of 113.7713.9 cm, total
cholesterol (TC) of 201.1734.7mg/dL, triacylglycerols (TG)
of 102.9734.0mg/dL, low-density lipoprotein cholesterol
(LDLc) of 130.2728.6mg/dL, high-density lipoprotein
cholesterol (HDLc) of 50.8710.2mg/dL, glucose of
100.9710.5mg/dL and insulin levels of 10.775.1 mU/L, all
values mean7SD) were included in this study. No subjects
neither showed evidence of chronic diseases (hepatic, renal,
thyroid, or cardiac) nor they were taking medication or
vitamins. They received four breakfasts of skimmed milk
and muffins prepared with four different oils, in a rando-
mized crossover design following a latin square design, and
receiving one breakfast every two weeks. Each breakfast
contained 0.45mL of oil/kg of body weight (56% fat, 9%
protein, and 35% carbohydrates). The oils used were as
follows: VOO with 400 ppm of natural phenol antioxidants:
70.5% MUFA, 11.1% PUFA, 18.4% SFA; Sunflower oil
(SFO): 34.3% MUFA, 58.3% PUFA, and 7.3% SFA; A mixed
seed oil (30% high-oleic sunflower and 70% of canola oil)
enriched with 2mg/kg of the antioxidant dimethylpolysi-
loxane (SOD): 71.8% MUFA, 18% PUFA, and 10.2% SFA
and a mixed seed oil (30% high-oleic SFO and 70% canola
oil) enriched with 400 ppm of phenolic compounds extrac-
ted from the residue of olive-oil production – alperujo –
(SOP): 76.7% MUFA, 17.6% PUFA, and 5.8% SFA.
Exhaustive experimental procedures protocols used have
been previously reported, and they are provided as a
supplemental file (Supporting Information file 1). The oils
(2 L of each) were heated to 180751C for 5min in a stainless
deep fryer ten times every day for two days (total heating
cycles: 20). The enrichment of edible oils was produced as
previously described in [14]. Measurement of phenolic
content was determined for both the overall (Folin-Ciocalteu
method), and individually (following chromatographic
separation) after extraction of the target analytes. Blood
samples, isolation of PBMCs, and protein extraction were
performed by standard methods (shown in Supporting
Information file 1).
Lipid analysis and biochemical measurements were also
performed by well-validated methods. Electrophoretic
mobility shift assays (EMSA) to test the NF-kB-binding
activity was performed using consensus oligonucleotides
50-AGTTGAGGGGACTTTCCCAGGC-30 and 30-TCAACTCCC
CTGAAAGGGTCCG-50, and subsequent gel shift assays were.
For western blot analyses, we used primary polyclonal anti-IkB
antibodies and the secondary antibody was (anti-rabbit IgG,
conjugated to HRP). Real-time PCR reactions were carried out
These are not the final page numbers
Table 1. Concentration of phenols in oils (mg/g)
VOO SOP
Phenol %RSDa) Cycle 0 Cycle 20 Cycle 0 Cycle 20
Hydroxytyrosol (5.5) 12.39 ND 13.51 4.10
Tyrosol (7.3) 7.98 4.89 11.76 8.46
Oleuropein aglycone (6.6) 5.88 1.13 1.16 1.70
Oleuropein aglycone dialdehyde form (3.2) 1.52 1.01 1.82 2.57
Luteolin (2.2) 3.02 0.13 2.43 2.10
Apigenin (3.0) 1.64 1.28 2.18 2.14
p-Coumaric acid (4.8) 1.29 1.17 1.97 1.51
Vanillinic acid (2.2) 1.22 1.42 4.61 3.33
Ferulic acid (6.0) 1.14 ND 1.69 1.64
VOO: virgin olive oil; SOP: Sunflower oil/Canola oil enriched with phenols from olive mill wastewater alperujo; ND: non detected.
a) The experimental error for each phenol is expressed as relative standard deviation (%RSD).
2 A. Perez-Herrera et al. Mol. Nutr. Food Res. 2011, 55, 1–5
& 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.mnf-journal.com
by using the OpenArrayTM NT Cycler platform. Finally,
measurement of LPS was performed by limulus amebocyte
lysate test. We used SSPS 19 for Windows (SPSS, Chicago, IL,
USA) for the statistical analysis, using analysis of variance
(ANOVA) for repeated measures, and subsequent Bonferroni’s
correction where applicable. A p-valueo0.05 was considered
significant. All the data presented are expressed as mean values
and typical error.
When analyzing the results of the enrichment method
for the SOP, we observed a well-balanced profile of phenols
in the final product. Table 1 shows the characteristics of the
phenolic compounds of the VOO and the SOP, both at the
beginning and at the end of the heating cycles. In our study
the behaviour of the different phenols in response to the
heating is compatible with the previous data [9, 12], with a
critical decrease of hydroxytyrosol and a higher resistance to
oxidation of tyrosol.
With the test meal, we created a situation of postprandial
lipemia, as assessed by the increase in the TG concentra-
tions at 4 hs of the intake (all diets po0.05 for postprandial
TG versus fasting TG concentration) (Supporting Informa-
tion Table 1). The intake of VOO (p5 0.029) and SOP
breakfasts (p5 0.009) decreased the postprandial NF-kB
activation of PBMC (!471.7 and !773.1 arbitrary units,
respectively), while no changes were observed after
consumption of SFO and SOD breakfasts (Supporting
Information Fig. 1A). The intake of VOO (p5 0.002) and
SOP breakfasts (p5 0.028) induced a postprandial increase
in PBMC IkB-a protein levels (4.271.8 and 2.170.9 arbi-
trary units, respectively) (Supporting Information Fig. 1B).
No changes in the IkB-a protein level were found after the
intake of SFO or SOD breakfasts.
When evaluating the analysis of the relative expression of
genes involved in the development of the inflammatory
process, we demonstrated an over-expression of the complex
IKK (IKKb (p5 0.043) and IKKa (p5 0.005) PBMC mRNA
levels) and an increase in the relative PBMC mRNA level of
p65 (p5 0.038) at the 4th hour after consumption of SFO
breakfasts compared with a fasting value (with no signifi-
cant changes in the other three breakfasts). Finally, we
observed no significant postprandial change differences in
the relative level of expression of IkB-a mRNA in the four
oils consumed (Fig. 1).
There were no significant postprandial changes in the
relative expression of PBMC TNF-a mRNA in the four
breakfasts. IL-1b increased from the 2nd–4th hour
after SFO (p5 0.037) and SOD (p5 0.025). At this last time
point (4th hour), PBMC IL-6 mRNA levels after SFO were
higher than after SOP (p5 0.018). The SFO intake was
followed by an increase in PBMC MIF mRNA levels at the
4th hour related to fasting values (p5 0.04). The
expression of the JNK gene increased after the SFO in the
two postprandial measurements (2nd and 4th hour) with
respect to fasting (all po0.05). At the 4th hour, the expres-
sion of the JNK gene was higher after SFO than SOP
(p5 0.038; Fig. 2).
Finally, we found a decrease in the LPS plasma concen-
tration at the 2nd hour of the VOO (relative value of
0.5570.11 versus the fasting value) and the SOP (relative
value of 0.5370.09 versus the fasting value) consumption
(all po0.05); Supporting Information Fig. 2), and a return to
the fasting values at the 4th hour. Conversely, the SOD and
SFO did not produce a postprandial reduction of circulating
LPS, and SFO showed an increase above the fasting plasma





















































































Figure 1. Relative gene expression of IKKb, IKKa and p65 in
PBMC obtained after the intake of four frying oils. Values are
mean7SEM. po effect of oil. pt effect of time. pi interaction time
and oil. !po0.05: SFO at 4th hour versus its basal time.
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values at the 4th hour VOO (relative value of 1.3870.23
versus the fasting value). When comparing the different
diets at each time point, we found that VOO and SOP
exhibited lower plasma values than SFO at the 2nd and 4th
hour (all po0.05) (Supporting Information Fig. 2).
Eating out regularly, especially in industrialized coun-
tries, is becoming a common feature, due to the work
schedule and/or other social factors. In many cases, these
meals contain a food which has been subjected to deep-
frying cooking process, like French fries or other side
dishes. The fat vehicle used for deep-frying varies highly,
but in many cases economic factors derive in the choosing
of vegetal or seed oils for this use, despite other fat sources,
like VOO, regardless the lower oxidant insult induced by
this latter oil [9, 11]. Our study shows that the content in
phenols of different oils subjected to heating determines the
postprandial inflammatory status. Ingestion of a multi-
heated VOO or SFO/canola oil enriched in natural anti-
oxidants of olive oil origin (SOP) reduced the postprandial
inflammatory response when compared with regular SFO.
These facts may be related by the different fatty acid
compositions of the different oils and to the different
contents in antioxidants. We showed for the first time how
the biological disadvantage of seed oils to oxidation, LPS
increase and eventual NF-kb activation is blunted when
natural antioxidants (phenols) from olive oil origin are
added to seed oils.
In our study, we chose obese persons based on that
obesity and elevated consumption of fried products are
clearly linked [15]; and on that obese persons are an excel-
lent model to study low-grade inflammation in human
studies, in whom there is an abnormal cytokine production
and activation of inflammatory signaling pathways, such as
the NF-kB pathway [16].
The results implications for nutrition, food industry, and
population health of this study may be significant. On the
one hand, we show how seed oils may be provided with
healthy antioxidant load by enriching them with natural
antioxidants, which may open the door for food industry
manufacturers interested in providing a ‘‘healthier’’ frying
product. On the other hand, people consuming such
products may take advantage of suffering a lower inflam-
mation, and, hereby, a lower atherogenic environment in
the postprandial state.
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Figure 2. Relative gene expression of IL-1b, IL-6, MIF, JNK1 in PBMC obtained after the intake of four frying oils. Values are mean7SEM.
po effect of oil. pt effect of time. pi interaction time and oil. !po0.05: SFO at 4th hour versus its basal time. fpo0.05: SFO at 4th hour versus
SOP at 4th hour. ypo0.05: SFO and SOD at 2th hour versus 4th hour.
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Supplemental table 1. Plasma lipid parameters. 1 
 
VOO: Virgin olive oil. SFO: Sunflower oil. SOD: Sunflower oil/Canola oil enriched with 
dimethylpolysiloxane. SOP: Sunflower oil/Canola oil enriched with VOO-phenol compounds 
extracted from the residue of olive-oil production —alperujo. T0, baseline time. T4, 4 hours 
after oil intake as breakfast.  
1 Values are the mean ± SEM (all such values).  
2 p < 0.05 
 
Parameter Time  VOO SFO SOD SOP 
T0 208.5 ± 7.21 199.1 ± 7.1 200.7 ± 6.8 203.6 ± 8.5 Total cholesterol, mg/dL 
T4 200.9 ± 5.6 198.8 ± 7.1 196.5 ± 6.5 197.6 ± 7.7 
T0  50.4  ± 1.9   51.2 ± 2.2   49.2 ± 1.9   52.2 ± 2.7 cHDL-cholesterol, mg/dL 
T4   46.6 ± 1.9   49.3 ± 2.2   46.0 ± 1.7   47.8 ± 2.5 
T0 137.8 ± 5.8 125.5 ± 6.2 129.7 ± 6.1 130.0 ± 6.3 cLDL-cholesterol, mg/dL 
T4 126.4 ± 4.7 120.0  ± 6.0 119.2 ± 5.6 118.2 ± 5.9 
T0   99.6 ± 6.1 110.5 ± 7.5 115.2 ± 8.4 110.3 ± 7.7 Triacylglycerols, mg/dL 
T4 137.9 ± 7.62 145.8 ± 9.32 154.8 ± 12.12 155.8 ± 11.72 
T0 130.9 ± 4.2 139.6 ± 3.3 128.6 ± 3.5 140.9 ± 4.4 Apo A-1, mg/dL 
T4 123.1 ± 3.9 139.8 ± 3.2 125.8 ± 3.8 137.8 ± 4.0 
T0   93.8 ± 3.8   94.2 ± 4.4   91.0 ± 4.0   96.4 ± 4.6 Apo B, mg/dL 
T4   91.7 ± 3.5   92.6 ± 4.3   90.5 ± 3.9   93.2 ± 4.7 
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Supplemental file 1 2 
EXPERIMENTAL PROCEDURES: 3 
Enrichment of edible oils with phenolic compounds from alperujo and frying process 4 
The enrichment with phenolic compounds of SOP oil was produced by a method reported by 5 
Giron et al, [1], solid- liquid (S-L) and liquid- liquid (L-L) enrichment method. For the 6 
simulated deep frying, two litres of each oil was placed in a stainless deep fryer. The oils were  7 
heated to 180 ºC ± 5 ºC for 5 min ten times every day for two days (total heating cycles: 20).  8 
Measurement of phenolic compounds in the oils  9 
The concentration of phenols in the phenols-containing oils (VOO and SOP) was determined 10 
both overall (Folin–Ciocalteu method), and individually (following chromatographic 11 
separation) after extraction of the target analytes. 12 
Extraction of the Phenol Compounds from the Oil. Aliquots of ca 2-g enriched oil were 13 
shaken for 30 min with 20 mL methanol and 2 mL hexane. The methanolic phase, which 14 
contained the phenol compounds, was removed by centrifugation, evaporated for pre-15 
concentration and stored at –20 ºC for subsequent analysis. 16 
HPLC-DAD Separation-Quantification. The method applied was that proposed by the 17 
International Oleic Council (IOC) for the individual measurement of phenolic compounds in 18 
olive oil. The analytical column used was a 250 ! 4 mm i.d., 5 µm, reversed phase Inertisil 19 
ODS-2; the injection volume 10 µL; and the mobile phase a mixture of A (water acidified 20 
with 0.2% phosphoric acid) and B (acetonitrile–methanol, 1:1 v/v) at 1 mL/min. An initial 21 
linear gradient elution from 0 to 50% B in 40 min was followed by other linear elution 22 
gradient from 50 to 60% B in 5 min and a third gradient from 60 to 100% B in 10 min. 23 
Finally, the instrument was kept under isocratic conditions (100% B) for 2 min. A 5 min 24 
equilibration step enabled the initial conditions and mobile phase stabilization to be reached. 25 
The eluted phenols were monitored at 230, 280, 325 and 350 nm (total elution time under 57 26 
min).  27 
Blood Samples and isolation of PMBCs 28 
Venous blood samples were collected in tubes containing 1 g EDTA/L after 12 hour’s fasting 29 
and at 2 and 4 hours after the ingestion of breakfast. Blood samples were diluted 1:1 in PBS, 30 
and cells were separated in 5 mL Ficoll gradient (lymphocyte isolation solution, Axis-Shield, 31 
Oslo, Norway) by centrifugation at 2000 x g for 35 min. PBMCs were collected, washed 32 
twice with cold PBS and separated in two fractions; one of them resuspended  in buffer A 33 
[mmol/L: 10 N-2 hydroxyethyl piperazine-N´-2-ethanesulfonic acid (HEPES); pH 7.5, 10 34 
KCl, 0.1 ethylene glycol tetra acetic acid (EGTA), 0.1 EDTA, 1 dithiothreitol (DTT), 0.5 35 
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phenylmethylsulfonyl fluoride (PMSF)] to protein analysis, and the second fraction was 36 
stored as dry pellet to RNA extractions. 37 
Protein extraction  38 
Cells stored in the buffer A were defrosted and resuspended in lysis buffer (buffer A, 1% NP-39 
40 and 10 µg/mL of protease inhibitor cocktail) t. Then, the cells were vortexed and 40 
centrifuged at 16.000 x g at 4 °C for 5 min, and the supernatants stored as cytoplasmatic 41 
extracts. The pellets containing the nuclear fraction were resuspended in a nuclear extraction 42 
buffer [mmol/L: 20 HEPES; pH 7.5, 400 NaCl, 1 EDTA, 1 EGTA, 1 DTT, 1 PMSF with 10 43 
µg/mL protease inhibitor cocktail] and incubated on ice for 20 min. After that, the suspension 44 
was centrifuged at 16.000 x g for 5 min at 4 °C and the supernatant was collected as the 45 
nuclear extract. The protein concentration was quantified by  using the Bradford's reagent 46 
method (Bio-Rad Laboratories, Inc., Hercules, CA, USA).  47 
Lipid analysis and biochemical measurements 48 
The lipid parameters were assessed with the modular autoanalyzer DDPPII Hitachi® (Roche 49 
DiagnosticsBasel Switzerland), using specific reagents (Boehringer-Mannheim, Mannheim, 50 
Germany). Measurements of total cholesterol (TC), triglyceride (TG) levels and high density 51 
lipropoteins (HDLc) were made by colorimetric enzymatic methods [2-4]; low density 52 
lipoproteins (LDLc) values were calculated from the total cholesterol, triglycerides, and 53 
HDLc values using the Friedewald formula [5]. Apolipoproteins (Apo) A-1 and B were 54 
determined by immunoturbidimetry [6]. Plasma glucose concentration was measured by the 55 
hexokinase method with an Architect-CG16000 analyzer (Abbott Diagnostics, Tokio, Japan) 56 
and plasma insulin concentration was measured by chemiluminescence with an Architect-57 
I2000 analyzer (Abbott Diagnostics, Tokio, Japan).  58 
Electrophoretic mobility shift assays (EMSA)  59 
The nuclear extracts were tested for NF-?B -binding activity, using consensus 60 
oligonucleotides 5’-AGTTGAGGGGACTTTCCCAGGC-3’ and 3’-61 
TCAACTCCCCTGAAAGGGTCCG-5’ from Santa Cruz Biotechnology, using the 62 
Digoxigenin EMSA kit (Roche Diagnostics,Basel, Switzerland). A total of 15 µg of nuclear 63 
protein was treated according to the instructions of the kit. Complexes were detected with the 64 
CSPD chemiluminescent substrate, and exposed to Hyperfilm (Amersham Biosciences, 65 
Chandler, AZ, USA) in a film holder, for 4h at room temperature. After development, films 66 
were scanned in a GS-800 calibrated densitometer and the signal quantified by using the 67 
Quantity One 4.6.5 software (BioRad Inc., Hercules, CA, USA). 68 
Western blot 69 
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Electrophoretic separation was carried out with 70 µg of protein for cytoplasmic extracts. 70 
After separation in SDS-PAGE gels (12% polyacrylamide) proteins were transferred to 71 
nitrocellulose membranes (Bio Trace NT Membrane,PALL Gelman Laboratory, Port 72 
Washington, NY, USA) by using a semi-dry transferProtein loadwas checked by using 73 
Ponceau-S stain methodand scanned in order to quantify the total protein loaded. After that, 74 
membranes were washed, blocked with skimmed milk and incubated overnight at 4°C with 75 
primary polyclonal anti-IkBantibodies (Santa Cruz Biotechnology, Santa Cruz, CA, USA). 76 
After incubation with primary antibodies, the membranes were incubated with secondary 77 
antibody [anti-rabbit IgG, conjugated to HRP (Santa Cruz Biotechnology, Santa Cruz, CA, 78 
USA)].  79 
The development process was carried out with the chemiluminescence Kit Luminol Reagent 80 
Detection System (Santa Cruz Biotechnology, Santa Cruz, CA, USA). After development, 81 
films were scanned in a GS-800 calibrated densitometer and the signal quantified by using the 82 
Quantity One 4.6.5 software (BioRad Inc., Hercules, CA, USA). 83 
RNA extraction 84 
Total RNA from PBMCs was extracted using Tri Reagent (Sigma, St Louis, Mo, USA), 85 
according to the manufacturer’s instructions  and quantified with a Beckman coulter DU-660 86 
spectrophotometer (Beckman Coulter, Brea, CA, USA). RNA integry was checked on agarose 87 
gel electrophoresis and stored at -80ºC. Next since PCR can detect even a single molecule of 88 
RNA samples were digested with DNAse I (AMPD-1 Kit, Sigma) before RT-PCR.  89 
qRT-PCR analysis of gene expression 90 
Retrotranscription reaction was performed for 1 ? g of total RNA by the commercial kit 91 
iScript® cDNA Synthesis Kit (Bio-Rad Laboratories, Inc., Hercules, CA, USA) according to 92 
the manufacturer’s instruction. Real-time PCR reactions were carried out by using the 93 
OpenArray ™ NT Cycler platform (Applied Biosystems, Carlsbad, CA, USA), according to 94 
the manufacturer’s instruction. Briefly, gene expression was quantified for 12 subjects by 95 
duplicated at time basal, 2 and 4 h after intake of the four breakfasts. Primer pairs were 96 
selected from the database TaqMan Gene Expression assays ((Applied Biosystems, Carlsbad, 97 
CA, USA)) https: / / products.appliedbiosystems.com / ab / en / US / adirect / ab? Cmd = 98 
catNavigate2 & catID = 601267  The data set was analyzed by OpenArray® Real-Time 99 
qPCR Analysis Software ((Applied Biosystems, Carlsbad, CA, USA). 100 
 101 
Measurement of LPS 102 
Endotoxin (LPS) was measured by a limulus amebocyte lysate test (QCL-1000; Lonza Iberica 103 
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S.A. Barcelona, Spain). Serum was collected in non-pyrogenic tubes and frozen at –80 °C 104 
until the assay. All procedures were performed under non-pyrogenic conditions. Serum 105 
samples were 1:5 diluted, mixed with limulus amebocyte lysate and incubated at 37 ºC for 10 106 
min. The substrate solution was then mixed with the LAL-sample and incubated at 37 ºC for 6 107 
min. The reaction was stopped with stop reagent. If endotoxin was present in the serum, a 108 
yellow colour developed. The absorbance of the coloured solution was read at 405 nm. The 109 
recovery of spiked lipopolysaccharide was between 50 and 200%. The sensitivity of the assay 110 
was 0.005 Ehrlich units/mL (0.5 pg/mL). Intra- and inter-assay coefficients of variation for 111 
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Suplemmental Figure1  
NF-!B 
I!B-" 
Suplemmental Figure 1. Effect after intake of four different frying oils on (A) 
NF-!B activation and (B) I!B-" level in peripheral mononuclear cells. # 4th 
hour. Difference of time 4 minus time 0. Values are the mean ± SEM.  po effect 
of oil, pt effect of time,  pi interaction time and oil. *p<0.05 with respect to 
fasting measures. VOO: Virgin olive oil. SFO: Sunflower oil. SOD: Sunflower 
oil/Canola oil enriched with dimethylpolysiloxane. SOP: Sunflower oil/Canola 



































po = 0.919 
pt = 0.004 




Suplemmental Figure 2. Relative circulating levels of LPS in serum after the 
intake of four different frying oils. Values are the mean ± SEM. po effect of oil, 
pt effect of time,  pi interaction time and oil. a p<0.05 VOO and SOP breakfast 
at 2h vs its basal time. bp<0.05 VOO and SOP breakfast at 2h vs SFO at 2h. c 
p<0.05 VOO and SOP breakfast at 4h vs SFO at 4h. 
VOO: Virgin olive oil. SFO: Sunflower oil. SOD: Sunflower oil/Canola oil 
enriched with dimethylpolysiloxane. SOP: Sunflower oil/Canola oil enriched 
with phenol from olive mill wastewater alperujo.  
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Abbreviations: VOO, virgin olive oil; SFO, sunflower oil; SOX, mixed seed oil (sunflower 
oil/canola oil) with added dimethylpolysiloxane; SOP, mixed seed oil (sunflower oil/canola 
oil) with natural antioxidants from olives; PBMCs, peripheral blood mononuclear cells; 
GSH, reduced glutathione; GSSG, oxidized glutathione; GPx, glutathione peroxidase; SOD, 
superoxide dismutase; ROS, reactive oxygen species 
Page 3 of 30
Wiley-VCH
































































Scope: During deep-frying, oxidative compounds appear in oils, which may affect the 
consumer health. Our aim was to study the effects of the intake of frying oils in order to find 
an oil model for deep-frying that prevents postprandial oxidative stress. 
Methods and Results: Twenty obese people received four breakfasts following a randomized 
crossover design, consisting of different oils [virgin olive oil (VOO), sunflower oil (SFO), 
and a mixed seed oil (SFO/canola oil) with added dimethylpolysiloxane (SOX) or natural 
antioxidants from olives (SOP)], which were subjected to 20 heating cycles. Postprandial 
oxidative status was assessed by NADPH-oxidase subunits and antioxidant enzyme gene 
expression in peripheral blood mononuclear cells (PBMC) and by the GSH/GSSG ratio and 
SOD and GPx antioxidant activities measurements in plasma. The intake of SFO-breakfast 
reduced the plasma GSH levels and the GSH/GSSG ratio and induced a higher gene 
expression of the different NADPH-oxidase subunits, Nrf2-Keap1 activation, gene expression 
of the antioxidant enzymes in PBMC and antioxidant plasma activities than the intake of the 
breakfasts prepared with VOO, SOP and SOX. 
Conclusion: Oils with phenol compounds, whether natural (VOO) or artificially added 
(SOP), and with the artificial antioxidant (SOX), reduce postprandial oxidative stress 
compared with the sunflower oil. 
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Deep-frying is one of the most popular cooking methods worldwide, both for 
industrial and domestic food preparation procedures [1]. However, the high temperatures used 
during frying and the repeated heating cycles induce important chemical changes in the oil, 
directly affecting the quality of the final fried food, which in turn affects the health of the 
consumer [2]. Changes in the oil during deep-frying are caused by hydrolysis and oxidation 
reactions [3], as well as by the generation of toxic compounds such as polymers and polar 
compounds, in addition to an increase of the foaming, viscosity, and density of the oils [4], 
which affect the sensory and nutritional properties of food as well as its safety for 
consumption. Thus, the deep-frying process affects the physical and chemical properties of 
the foods and the oils used, resulting in an increase in oxidative products in the frying oil, 
which may be incorporated into the foods and ingested [1, 4]. 
However, these changes in physical and chemical properties partially depend on how 
unsaturated the oils are, as well as on the temperature to which they are heated and the frying 
time [4, 5]. Thus, the options available to enhance the stability of frying oil include using oils 
with a modified fatty acid composition, such as high-oleic and mid-oleic sunflower and high-
oleic and low-linolenic canola oils [6]. Nevertheless, seed oils remain sensitive to the 
oxidative process, due to their relatively low antioxidant content [1], and using oil additives 
such as antioxidants is another possible way to prevent the oxidation of frying oil [7]. 
Following this notion, antioxidants from virgin olive oil (VOO) may act as a buffer, partly 
avoiding the production of oxidative molecules [1, 8]. 
Despite the potentially harmful effect of deep-frying, few studies have focused on the 
biological consequences of frying oil consumption. In animal models, it has been shown that 
consumption of frying oil increases LDL levels [9, 10]. In human, frying oil consumption 
increases levels of oxidized quilomicrons and modified LDL [6]. Moreover, the polar 
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compound content of frying oils has been associated with endothelial dysfunction and 
hypertension [11, 12]. Additionally, in the same population used in the current study, we have 
previously demonstrated that the intake of frying oils rich in phenolic compounds from olive 
origin, whether natural (VOO) or artificially added to a mixed seed oil (SFO/canola oil) 
(SOP), reduces the postprandial inflammatory response compared to sunflower oil (SFO) 
intake [13]. 
Human beings spend most of their time in the postprandial state. Postprandial 
oxidative stress occurs when there is an imbalance between the production of reactive oxygen 
species (ROS) and their elimination by the antioxidant system [14]. Increased ROS levels 
cause significant damage to molecules such as lipids, proteins and DNA, and lead to 
modifications involved in the inflammation process and in the initiation and progression of 
atherosclerosis. They trigger atherogenic changes, including increases in low density 
lipoprotein (LDL) oxidation, sympathetic tone, vasoconstriction and thrombogenicity [15-17]. 
In this study, we hypothesized that the intake of different frying oils could affect 
postprandial oxidative stress. Our aim was to determine the biological effect of the intake of 
frying oils with different antioxidants, whether natural (VOO and SFO) or artificially added 
(SOP and SOX), in order to find an oil model for deep-frying that prevents postprandial 
oxidative stress. 
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2. MATERIALS AND METHODS 
Study subjects 
Twenty obese people (average age: 56 years old; range: 40-70) were included in this 
study. All of them gave their informed consent and underwent a comprehensive medical 
history, physical examination and clinical chemical analysis before enrolment. The patients 
had an average body mass index (BMI) of 37.3 ± 4.2 kg/m2, a waist perimeter of 113.7 ± 13.9 
cm, total cholesterol (TC) in plasma levels of 201.1 ± 34.7 mg/dL, triacylglycerols (TG) in 
plasma levels of 102.9 ± 34 mg/dL, low density lipoprotein cholesterol (LDLc) levels of 
130.2 ± 28.6 mg/dL and high density lipoprotein cholesterol (HDLc) levels of 50.8 ± 10.2 
mg/dL, glucose of 100.9 ± 10.5 mg/dL and insulin levels of 10.7 ± 5.1 mU/L, all values mean 
± SD. No patient showed evidence of chronic diseases (hepatic, renal, thyroid or cardiac). All 
patients were non-diabetics and non-smokers, without clinical manifestations of 
cardiovascular disease and not under treatment. None of the participants was taking 
medication or vitamins known to affect plasma lipids. The study protocol was approved by 
the hospital’s Human Research Review Committee, and complied with both institutional and 
“Good Clinical Practice” guidelines. 
Study design 
All the volunteers received four breakfasts of skimmed milk and muffins prepared 
with four different oils and after a 12-h fast, in a randomized crossover design following a 
latin square design, and receiving one breakfast every two weeks. Each breakfast contained 
0.45 mL of oil per kilogram of body weight, 3 mg of cholesterol and 40 equivalent units of 
retinol, both per kilogram of body weight, with a caloric distribution of 56% fat, 9% protein 
and 35% carbohydrates. The oils used were as follows: Virgin olive oil (VOO) with 400 ppm 
of natural phenol antioxidants: 70.5% MUFA, 11.1% PUFA, 18.4% SFA; Sunflower oil 
(SFO): 34.3% MUFA, 58.3% PUFA and 7.3% SFA; A mixed seed oil (30% high-oleic 
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sunflower and 70% of canola oil) enriched with 2 mg/kg of the antioxidant 
dimethylpolysiloxane (SOX): 71.8% MUFA, 18% PUFA and 10.2% SFA and finally other 
mixed seed oil (30% high-oleic sunflower oil and 70% canola oil) enriched with 400 ppm of 
phenolic compounds extracted from the residue of olive-oil production - alperujo - (SOP): 
76.7% MUFA, 17.6% PUFA and 5.8% SFA.  
Blood Samples and isolation of PMBCs 
Venous blood samples were collected in tubes containing 1 g EDTA/L after 12 hours 
fasting and at 2 and 4 hours after the ingestion of each breakfast. Blood samples were diluted 
1:1 in PBS, and cells were separated in 5 mL Ficoll gradient (lymphocyte isolation solution, 
Axis-Shield, Oslo, Norway) by centrifugation at 800 x g for 20 min. PBMCs were collected 
and washed twice with cold PBS and separated in two fractions; one of them resuspended in 
buffer A [mmol/L: 10 N-2 hydroxyethyl piperazine-N´-2-ethanesulfonic acid (HEPES); pH 
7.5, 10 KCl, 0.1 ethylene glycol tetra acetic acid (EGTA), 0.1 EDTA, 1 dithiothreitol (DTT), 
0.5 phenylmethylsulfonyl fluoride (PMSF)] to protein analysis, and the second fraction was 
stored as dry pellet to RNA isolation. 
RNA extraction 
Total RNA from PBMCs was extracted using Tri Reagent (Sigma, St Louis, Mo, 
USA), according to the manufacturer instructions and quantified ith a Beckman coulter DU-
660 spectrophotometer (Beckman Coulter, Brea, CA, USA). RNA integrity was checked on 
agarose gel electrophoresis and stored at -80ºC. Next since PCR can detect even a single 
molecule of RNA samples were digested with DNAse I (AMPD-1 Kit, Sigma) before RT-
PCR.  
qRT-PCR for gene expression analysis 
Retrotranscription reaction was performed with 1 !g of total RNA by the commercial 
kit iScript® cDNA Synthesis Kit (Bio-Rad Laboratories, Inc., Hercules, CA, USA) according 
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to the manufacturer instructions. Real-time PCR reactions were carried out using the 
OpenArray ™ NT Cycler system (Applied Biosystems, Carlsbad, CA, USA), according to the 
manufacturer instructions. The gene expression analysis was performed in samples from 12 
participants by duplicated at time basal, 2 and 4 hours after intake of the four breakfasts. 
Primer pairs were selected from the database TaqMan Gene Expression assays (Applied 
Biosystems, Carlsbad, CA, USA) 
https://products.appliedbiosystems.com/ab/en/US/adirect/ab?cmd=catNavigate2&catID=601
267, for the following genes: NADPH-oxidase subunits (gp91phox, p22phox, p47phox, p67phoxand 
p40phox), Nrf2, superoxido dismutase-1 (SOD1), catalase (CAT), glutathione transferase pi-1 
(GSTP1), glutathione reductase (GSR) and thioredoxine (TXN). The relative expression for 
each analyzed gene was calculated with GAPDH as housekeeping gen. The data set was 
analyzed by OpenArray® Real-Time qPCR Analysis Software (Applied Biosystems, 
Carlsbad, CA, USA). 
Protein extraction  
Cells stored in the buffer A were thawed and resuspended in lysis buffer (buffer A, 
1% NP-40 and 10 !g/mL of protease inhibitor cocktail). Then, the cells were vortexed and 
centrifuged at 16.000 x g at 4 °C for 5 min, and the supernatants stored as cytoplasmic 
extracts. The pellets containing the nuclear fraction were resuspended in buffer C [mmol/L: 
20 HEPES; pH 7.5, 400 NaCl, 1 EDTA, 1 EGTA, 1 DTT, 1 PMSF with 10 !g/mL protease 
inhibitor cocktail] and incubated on ice for 20 min. Next the suspension was centrifuged at 
16.000 x g for 5 min at 4 °C and the supernatant was collected as the nuclear extract. The 
protein concentration was quantified by the Bradford’s method with Bio-Rad protein assay 
(Bio-Rad Laboratories, Inc., Hercules, CA, USA).  
Western blotting 
Electrophoretic separation was carried out with 70 !g of protein of cytoplasmic 
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extracts. After separation in SDS-PAGE gels (12% polyacrylamide) proteins were transferred 
to nitrocellulose membranes (Bio Trace NT Membrane, PALL Gelman Laboratory, Port 
Washington, NY, USA) by using a semi-dry transfer. Protein load was checked by using 
Ponceau-S stain method and scanned in order to quantify the total protein loaded and 
normalize the final data bands. The membranes were washed and blocked with skimmed milk 
and incubated overnight at 4°C with primary polyclonal anti-Nrf2 antibodies (Santa Cruz 
Biotechnology, Santa Cruz, CA, USA). After incubation with primary antibodies the 
membranes were incubated with secondary antibody [anti-rabbit IgG, conjugated to HRP 
(Santa Cruz Biotechnology, Santa Cruz, CA, USA)].  
The protein detection in the membranes was carried out with the chemiluminescence 
kit Luminol Reagent Detection System (Santa Cruz Biotechnology, Santa Cruz, CA, USA). 
Next the films were scanned in a GS-800 calibrated densitometer and the signal band 
corresponding to Nrf2 protein was quantified by using the Quantity One 4.6.5 software (Bio-
Rad Inc., Hercules, CA, USA). 
Antioxidant enzyme activity 
Total superoxide dismutase (SOD; E.C: 1.15.1.1) activity was determined by 
colorimetric assay in plasma at wavelengths of 525 nm by a UV-1603 spectrophotometer  
(Shimadzu, Kyoto, Japan) according to the laboratory method described by McCord and 
Fridovich, et al. [18]. The Flohé and Gunzler method was used to evaluate the Glutathione 
peroxidase (GPx; E.C.: 1.11.1.9) activity [19, 20]. The GPx assay is based on the oxidation of 
NADPH to NAD+, catalyzed by a limiting concentration of glutathione reductase, with 
maximum absorbance at 340 nm by a UV-1603 spectrophotometer (Shimadzu, Kyoto, Japan). 
Levels from reduced glutathione (GSH) and oxidized glutathione (GSSG) were calculating to 
determinate the GSH/GSSG ratio in plasma samples using BIOXYTECH® GSH-400 (OXIS 
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International Inc., Portland, OR, USA) and GSH-412 Kit (OXIS International Inc., Portland, 
OR, USA) respectively.  
Statistical analysis 
All the data presented are expressed as mean values and typical error. SSPS 19 for 
Windows (SPSS INC., Chicago) was used for the statistical analysis. The data were analyzed 
using analysis of variance (ANOVA) for repeated measures. The Greenhouse-Geisser contrast 
statistic was used when the sphericity assumption was not satisfied. In this analysis we 
studied the overall oil influence (global ANOVA, p for oil influence), the kinetics of the 
postprandial response (p for time), and the interaction of the two factors (time*oil). When 
post-hoc test analyses were pertinent, we used multiple comparisons test with the 
Bonferroni´s correction. A p value <0.05 was considered significant.
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Frying oil intake and postprandial lipemia 
Postprandial lipemia for the population under study has previously been described 
[13]. No significant differences between oils were observed in any of the lipid parameters 
assessed (total cholesterol, cHDL, cLDL, TG, ApoA-1, and ApoB). 
Effect of frying oil intake on NADPH-oxidase gene expression 
We observed a postprandial increase in the mRNA levels of the gp91phox and p47phox 
NADPH-oxidase subunits after the intake of the breakfast prepared with SFO (p=0.013 to 
gp91phox and p=0.021 at 2 hours and p=0.033 at 4 hours to p47phox), whereas no significant 
changes at the postprandial state were observed after the intake of the breakfasts prepared 
with VOO, SOX, and SOP. In addition, gp91phox mRNA level at 4 hours after the intake of the 
breakfast prepared with SFO oil was statistically higher than at 4 hours after the intake of the 
breakfast prepared with VOO oil (p=0.030). 
Additionally, p22phox mRNA levels increased at the postprandial state after the intake 
of the breakfasts prepared with SFO and SOX (p=0.026 and p=0.009, respectively), whereas 
they remained unchanged after the intake of the breakfasts prepared with oils containing 
phenolic compounds, whether natural (VOO) or artificially added (SOP) (Figure 1). 
Effect of frying oils on the antioxidant machinery gene expression 
We observed that NRF2, SOD1, CAT, GSTP1, and TXN mRNA levels increased at 4 
hours after the intake of the breakfast prepared with SFO (all p<0.05),  as compared to the 
fasting state, whereas no significant changes were observed after the intake of the breakfasts 
prepared with VOO, SOX, and SOP. The increase in NRF2 and SOD1 mRNA levels had 
already reached statistical significance at 2 hours after the intake of the SFO (p=0.015 and 
p=0.040, respectively), as compared to the fasting state. 
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The postprandial CAT mRNA level at 4 hours after the intake of breakfast prepared 
with SFO was statistically higher than at 4 hours after the intake of the breakfasts prepared 
with VOO and SOX (p=0.034 and p=0.015, respectively). 
We also observed that GSR mRNA levels increased at the postprandial state, 2 hours 
after the intake of the breakfast prepared with SFO (p=0.026), whereas no significant changes 
were observed after the intake of the breakfasts prepared with VOO, SOX, and SOP. 
However, no postprandial changes in GSR mRNA levels were observed at 4 hours after the 
intake of the breakfasts (Figure 2).  
Effect of frying oils on the Nrf2-mediated antioxidant response 
The Nrf2 transcription factor is sequestered in the cytoplasm by Keap1 and constantly 
ubiquitinated and degradated by proteasome action. However, under stress conditions, the 
Keap1-Nrf2 complex is disrupted and Nrf2 migrates to the nucleus, where it activates the 
gene expression of most of the antioxidant enzymes. In order to determine the effect of oil 
intake on the regulatory mechanism controlling the antioxidant responds, we measured the 
Nrf2 protein level in nuclear and cytoplasmic fractions at fasting and 4 hours after the intake 
of the breakfasts. 
We found that Nrf2 nuclear protein levels decreased after the intake of the breakfasts 
prepared with VOO, SOX, and SOP (p=0.019, p=0.027, and p=0.023, respectively), as 
compared to the protein level at the fasting state, while it remained unchanged after the intake 
of the breakfast prepared with SFO. Additionally, no postprandial changes were observed in 
the cytoplasmic Nrf2 protein levels for any of the ingested oils (Figure 3). 
Effect of frying oils on plasma antioxidant enzymatic activities 
We observed that SOD activity decreased at 4 hours after the intake of the breakfast 
prepared with VOO (p=0.041), as compared to the fasting state. We also observed a 
postprandial decrease of GPx activity after the intake of the breakfasts prepared with VOO 
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and SOX (p=0.031 at 2 hours and at 4 hours p=0.001 for VOO; p=0.016 at 2 hours and 
p=0.007 at 4 hours for SOX), and a postprandial increase at 4 hours after the intake of the 
breakfast prepared with SFO (p=0.013) (Figure 4). 
Effect of frying oils on plasma GSH substrate and GSH/GSSG ratio 
We found a postprandial increase in the plasma concentration of GSH (p<0.05), 
irrespective of the oil ingested. Additionally, we found that the plasma GSH increase at 4 
hours after the intake of the breakfast prepared with SFO was lower than the increase at 4 
hours after the intake of the breakfasts prepared with VOO, SOX, and SOP (p=0.016) (Figure 
4c). 
Furthermore, the GSH/GSSG ratio increased after the intake of the breakfasts prepared 
with VOO (p=0.048 at 2 hours and p=0.036 at 4 hours) and SOP (p=0.036 at 2 hours). 
Moreover, the GSH/GSSG ratio decreased at 4 hours as compared to the ratio observed at 2 
hours, but only after the intake of the breakfast prepared with SFO (p=0.029) (Table 1).
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Our data showed that the intake of a breakfast prepared with VOO which naturally 
contains phenolic compounds or with mixed seed oils, enriched with either phenolic 
compounds from olive origin (SOP) or an artificial antioxidant dimethylpolysiloxane (SOX), 
induced lower postprandial oxidative stress as compared to the intake of a breakfast prepared 
with SFO. Furthermore, the intake of the breakfast prepared with SFO induced a response on 
different levels, increasing the gene expression of the different NADPH-oxidase subunits 
(gp91phox, p22phox and p47phox), an enzyme that generates reactive oxidant species (ROS), thus 
increasing the gene expression of antioxidant enzymes Nrf2, SOD1, CAT, GSTP1, TXN and 
GSR in PBMCs, and causing an imbalance in the GSH/GSSG ratio. 
Due to busy work schedules and/or other social factors, eating out is becoming 
increasingly common, especially in industrialized countries. Nowadays, the consumption of 
food subjected to a deep-frying cooking process has become extremely popular worldwide 
and contributes significantly to people’s daily total energy intake. Although olive oil has 
traditionally been the most commonly used fat for deep-frying in Mediterranean countries, 
over the last few years, other oils, such as sunflower oil, have partly replaced the consumption 
of olive oil, due to economic factors [21]. It is therefore important to increase our knowledge 
about the potential harmful effect of the deep-frying cooking process, and to improve the 
characteristics of the oil used by designing oils that do not deteriorate during the heating 
process.  
During deep-frying, hydrolysis, oxidation, and polymerization are common chemical 
reactions that affect food safety [3], increase the foaming, viscosity, density and content in 
free fatty acids, polar materials, and polymeric compounds in the frying oils [4] and increase 
the oxidative products which may be absorbed by the foods and ingested [1, 4]. Our study has 
shown a greater increase in postprandial oxidative stress after the consumption of SFO than 
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after the consumption of VOO, SOP, and SOX, on the basis of higher values found after the 
consumption of VOO, SOP, and SOX as compared to SFO consumption in the postprandial 
plasma GSH levels and the GSH/GSSG ratio. The latter is a parameter that correlates with 
biological redox status [22] and decreases as a consequence of glutathione oxidation [23]. 
These findings are supported from the standpoint of the gene expression of the 
NADPH-oxidase complex, an enzyme which transfers an electron from NADPH to the 
molecular oxygen, with the subsequent formation of superoxide anion and ROS [24]. Our 
results showed that SFO consumption induced the postprandial expression of gp91phox, p22phox 
and p47phox NADPH-oxidase subunits, whereas this does not occur when the oils consumed 
contain antioxidants (gp91phox and p47phox) or, in the specific case of the p22phox subunit, 
phenolic compounds, either natural (VOO) or artificially added (SOP). Notably, although 
SOX consumption induced postprandial gene expression in the p22phox subunit, it was lower 
than after SFO consumption. These results concerning NADPH-oxidase subunit gene 
expression agree with those observed by our group in a previous study [25]. The short-term 
consumption of the Mediterranean Diet, which is rich in antioxidants, including phenolic 
compound from VOO, combined or not with the exogenous antioxidant CoQ, reduced the 
gene expression of the p22phox and p47phox NADPH-oxidase subunits as compared to a 
saturated fatty acid-rich diet in an elderly population. 
Moreover, we also explored the molecular effects of an intake of the different frying 
oils on the gene expression of antioxidant enzymes and Nrf2 activation during the 
postprandial state. The balance between ROS and antioxidant enzymes is regulated by the 
Nrf2 transcription factor [26], which migrates to the nucleus as a response to oxidative stress 
and promotes the expression of antioxidant enzymes [27, 28]. However, under non-
stimulating conditions, Nrf2 interacts with Keap1 in the cell cytoplasm and is degraded by the 
proteasome [29]. 
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Our results showed a postprandial decrease in nuclear Nrf2 protein levels after the 
consumption of VOO, SOX and SOP, whereas they tended to increase after the consumption 
of SFO. In addition, no significant changes were observed in cytoplasm protein levels, as 
Nrf2 is rapidly degraded by the ubiquitin-proteasome pathway [29]. Therefore, after the 
consumption of SFO, we observed a postprandial rise in the levels of NRF2 mRNA, which 
positively regulates its own gene expression [30], as well as in its target genes [27, 28, 31, 32] 
SOD1, CAT, GSTP1, TXN, and in GSR mRNA levels, while no postprandial increase occurred 
after VOO, SOX and SOP consumption. In addition, these gene expression results are also 
supported by lower postprandial plasma SOD and GPx activity found after the consumption 
of VOO, SOX and SOP, as compared to the consumption of SFO. 
In response to oxidative stress, cells attempt to fortify their antioxidant defences. 
Thus, the activation of the antioxidant defense after SFO consumption could be explained on 
the basis of a higher postprandial oxidative stress after the consumption of SFO, as compared 
to the consumption of oils containing antioxidants. SOD gene expression is induced by ·O2- 
and converts it into H2O2, which is, in turn, converted into water or molecular oxygen by 
either CAT or GPx. In turn, the latter is also involved in the detoxification of lipid 
hydroperoxides generated by the action of ·O2- [33-35].  
In addition, both GSTP1 - which the gene expression correlates with oxidative stress 
[36] and which catalyses the conjugation of GSH in a wide variety of substrates [37, 38] - and 
GSR - which reduces GSSG to its sulfhydryl form GSH [39] - were also over-expressed at the 
postprandial state after SFO consumption, as compared to VOO, SOX and SOP consumption. 
In line with this, the increase in postprandial GSR mRNA levels after the consumption of SFO 
could be explained as a compensatory mechanism responding to the lower postprandial GSH 
levels found after the consumption of this oil. In turn, TXN, an antioxidant protein involved in 
Page 17 of 30
Wiley-VCH































































the reduction of other proteins by cysteine thiol-disulfide exchange [40], followed the same 
pattern. 
In our study, we chose obese people, for the following reasons: 1) obesity is currently 
a global health problem occurring in developed countries [41, 42]; 2) people with a higher 
consumption of fried products have a higher probability to become obese and be affected by 
other pathologies related with this state and 3) the consumption of fried foods is mainly 
associated with obese people [43]. In the same population, we have previously demonstrated 
that frying oils rich in phenols, whether natural (VOO) or artificially added (SOP), exert anti-
inflammatory and anti-atherogenic properties [13]. 
In the current study, we demonstrated that oils with natural antioxidants (phenol 
compounds), whether natural (VOO) or artificially added (SOP), and with the artificial 
antioxidant dimethylpolysiloxane (SOX), exert a protective effect against postprandial 
oxidative stress, as compared to sunflower oil.  
The implications of this study for nutrition, the food industry, and the general health 
of the population lie in the fact that, along with the anti-inflammatory and anti-atherogenic 
properties observed in a previous study, the frying oils with phenolic compounds, whether 
natural or added, protect against postprandial oxidative stress as effectively as oil with the 
artificial antioxidant dimethylpolysiloxane, which provides a ‘‘healthier’’ alternative for 
frying. 
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Plasma GSH/GSSG ratio at the fasting state after the intake of the breakfasts prepared with 
















 GSH: glutathione. GSSG: oxidized glutathione. VOO: Virgin olive oil. SFO: Sunflower oil. 
SOX: Seed oil with the antioxidant dimethylpolysiloxane. SOP: Seed oil with phenol 
compounds. 
2
 Values are mean ± SEM. ANOVA for repeated measured: po effect of the oil, pt time effect 
and pi interaction time and oil.  ap<0.05 vs fasting state; bp<0.05 vs 4 hours after VOO-
breakfast intake; cp<0.05 vs 2 hours after SFO-breakfast intake. 
 
Time/oil Ratio (GSH/GSSG) 





11.1 ± 2.9 
10.6 ± 2.9 
16.3 ± 6.6 
6.8 ± 1.9 





22.5 ± 4.3a 
21.6 ± 5.0 
22.1 ± 4.5 
29.3 ± 5.8a 





25.9 ± 4.7a 
9.32 ± 1.8bc 
17.8 ± 4.7 
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FIGURE 1.  
NADPH-oxidase gp91phox, p22phox and p47phox subunit gene expression in PBMC at the 
fasting state and after the intake of the breakfasts prepared with the different frying 
oils.  
Values are mean ± SEM. VOO: Virgin olive oil. SFO: Sunflower oil. SOX: Seed oil with the 
antioxidant dimethylpolysiloxane. SOP: Seed oil with phenol compounds. ANOVA for 
repeated measured: po effect of the oil, pt time effect and pi interaction time and oil. *p<0.05 
vs fasting state; §p<0.05 vs 4 hour after VOO-breakfast intake. 
 
FIGURE 2.  
Antioxidant enzyme gene expression in PBMC at the fasting state and after the intake of 
the breakfasts prepared with the different frying oils.   
Values are mean ± SEM. VOO: Virgin olive oil. SFO: Sunflower oil. SOX: Seed oil with the 
antioxidant dimethylpolysiloxane. SOP: Seed oil with phenol compounds. ANOVA for 
repeated measured: po effect of the oil, pt time effect and pi interaction time and oil.  *p<0.05 
vs fasting state; §p<0.05 vs 4 hours after VOO- and SOX-breakfast intake. 
 
FIGURE 3.  
Nrf2-mediated antioxidant response in PBMC after the intake of the breakfasts 
prepared with the different frying oils.  
!T4 is the difference between protein level at 4 hours after the intake of the breakfasts and the 
protein levels at the fasting state. Values are mean ± SEM. VOO: Virgin olive oil. SFO: 
Sunflower oil. SOX: Seed oil with the antioxidant dimethylpolysiloxane. SOP: Seed oil with 
phenol compounds. ANOVA for repeated measured: po effect of the oil, pt time effect and pi 
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interaction time and oil. *p < 0.05 vs fasting state. 
 
FIGURE 4.  
Plasma antioxidant activity SOD, GPx and GSH substrate after the intake of the 
breakfasts prepared with the different frying oils.  
!T2 and !T4 are the difference between values at 2 or 4 hours after the intake of the 
breakfasts respectively and values at the fasting state. Values are mean ± SEM. VOO: Virgin 
olive oil. SFO: Sunflower oil. SOX: Seed oil with the antioxidant dimethylpolysiloxane. SOP: 
Seed oil with phenol compounds. ANOVA for repeated measured: po effect of the oil, pt time 
effect and pi interaction time and oil. *p< 0.05 vs fasting state; §p<0.05 vs 4 hours after VOO- 
and SOX-breakfast intake; "p<0.05 vs 2 hours after SFO-breakfast intake; ¥p<0.05 vs 4 hours 
after SOX-breakfast intake 
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F I G UR E 1. NADPH-oxidase gp91phox, p22phox and p47phox subunits gene expression in 
PBMC at the fasting state and after the intake of the breakfasts prepared with the different 
frying oil.  
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F I G UR E 2. Antioxidant enzymes gene expression in PBMC at the fasting state and after the 
intake of the breakfasts prepared with the different frying oil.  
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F I G UR E 3. Nrf2-mediated antioxidant response in PBMC after the intake of the breakfasts 






















































* * * 
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F I G UR E 4. Plasma antioxidant activities SOD, GPx and GSH substrate after the intake 





























pt  <0.001 
pi =0.016 
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pi =0.016 
* 






* * * 
* ¥ 
Ő 
Page 31 of 30
Wiley-VCH





























































  197 




18 th European Congress on Obesity. Istanbul, Turkey 25-28 May 2011 
“Virgin olive oil phenol compounds in frying oils decrease postprandial 
inflammatory response in peripheral blood mononuclear cells in obese 
people”. 
Pérez Herrera A, Torres Sánchez LA, Moreno Navarrete JM, Camargo García 
A., Luque de  
Casto D, López Miranda J, Pérez Jiménez F. 
JOURNAL: The International Association for the Study of Obesity. Obesity 
Reviews. 2012; 12(suppl. 1) page 157. 
 
 
VII International Congress of Nutrition, Food and Dietetics. 
XV Nutrition days of Nutrition practice. Madrid, Spain 
 
30-31 Apr 2011 
“Comparative affect of different oils used for frying on the postprandial 
inflammatory response” 
Pérez Herrera A, Rangel Zúñiga O.A., Torres Sánchez L. A., Camargo Antonio, 
Luque de Castro D, Moreno Navarrete José Mª, López Miranda J., Pérez 
Jiménez F. 
JOURNAL: Clinical Nutrition and Dietetics Hospital, 2011; 31 (suppl.1), page 
101-102. 
 
 

